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Abstract
An investigation into the effect of indentation on the fatigue behaviour of an 
aluminium alloy (A1 - 2.5wt% Cu - 1.2wt% Mg) has been canied out. Room-temperature 
aged (RTA) and high-temperature aged (HTA) specimens were cycled in tension-compression 
under conditions of constant plastic strain in the range = 1.0x10 '’ to 1.4x10’^  in a 20 kN 
Mand servohydrolic machine. The fatigue behaviour was cyclic hardening in the RTA state 
and cyclic softening in the HT A state.
During fatigue, the RTA specimen surfaces were quickly covered with coarse slip 
lines, which after prolonged cycling developed into PSBs. Unlike the slip lines, the PSBs did 
not always traverse the entire grain, but started off in patches which steadily grew larger and 
more intense. Dislocation structures were studied using TEM and were found to develop 
from a structure consisting of quenched-in loops and helices into slip bands concentrated on 
groups of {111} planes, often dominated by dislocations of a single Burgers’ vector. Further 
cycling resulted in more concentrated slip in localized bands leading to a misorientation of 
these bands relative to the matrix.
The development of surface relief in HT A specimens was much slower than in the 
case of the RTA specimens and took place over thousands of cycles. The slip lines were 
shorter and broader, and in late stages more wavy in appearance, both features typical of 
cross-slip. The dislocation structure consisted of some loop formation but mostly dislocations 
tangled with the S precipitates and were densely packed at the precipitate-matrix boundary. 
There was no evidence for the break-up of S precipitates during cyclic deformation.
Surface damage was introduced in the form of Vickers micro-hardness indentations. 
The indentations were made in the middle of the grains in order to obtain a single-crystal 
response. Optical microscope studies of the surface were carried out using Nomarski contrast 
and scanning laser microscopy, and the dislocation configurations were studied by TEM. 
Analytical models were used to see whether a correlation could be found between the 
observations of slip and calculations of resolved shear stresses. A reasonable correlation was 
found, which prompted the extension of the modelling to fatigue slip near indentations.
Abstract
The development of fatigue damage was studied both before and after various stages 
of fatigue, and it was found that the presence of indentations had a significant effect on the 
fatigue behaviour of the indented grain. During the initial fatigue cycles, slip lines were 
observed near indentations in the RTA specimens, and modelling indicated that the effect 
could be due to the residual stresses surrounding the indentation. In all cases the slip 
appeared in trace directions of planes containing slip systems with high Schmidt factors, but 
in many cases on planes not containing the active slip system in fatigue. In the HT A 
specimens a similar effect was noted at the stage when surface slip started to appear, but only 
associated with slip on the slip plane containing the active slip system.
Cracking was initiated near most indentations, but none were found to lead to the 
ultimate failure of the specimens. This could be mainly due to stress concentrations at the 
specimen shoulders. Cracks initiated along the ridge of the indentations oriented 
approximately perpendicular to the stress axis and appeared at the corresponding corners of 
the indentations approximately half-way into the fatigue life. In the case of the RTA 
specimens, the cracks propagated along ti*aces of {111} slip planes, whereas in the HT A 
specimens the cracks were more inegular and sometimes followed the traces of {100} planes. 
Modelling suggested that the preferred path for crack propagation was associated with a 
concentration of shear stress on highly stressed slip planes. The cracks were never obsei'ved 
to stop propagating, and some cracks propagated into neighbouring grains, and it is thought 
that the condition for damage to lead to failure is the size of the indentation in combination 
with the magnitude of the applied stress/strain.
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Chapter 1
Introduction
It was not until the industrial revolution, and the advent of machines which would run 
for thousands of cycles, that the problem of fatigue became a serious issue. Railway axles, 
which were designed to endure supposedly elastic strains, would fail after hundreds of 
thousands of cycles without signs of general yielding. In the 1860’s Wohler (Wohler 1860- 
70) studied fatigue of axle steel and found a correlation between the level of applied stress 
and number of fatigue cycles, which defines the S-N curve, and also studied the effect of 
stress raisers in the form of sharp shoulders. A "fatigue limit" for the applied stress was 
found, below which failure did not occur. The stress concentration due to the sharp shoulder 
was found to reduce the fatigue limit by 40 %. A fatigue limit has since been found to be 
a property of alloys of steel and titanium (Sinclair et al 1963), but well defined fatigue limits 
have not been found in alloys of other metals, eg. aluminium and aluminium alloys, with 
which this thesis is concerned.
The use of the 2XXX series (Al-Cu-Mg) appears to have culminated in the choice of 
the RR58 alloy for the Concorde (Wilson 1969, Blackall 1969), which is based on the Al-Cu- 
Mg ternary alloy and is closely related to the 2024 alloy. The fatigue properties of alloys in 
the 2XXX series have been previously studied in terms of fatigue life and cracking behaviour 
initiated under different loading conditions and in different environments, and it is well known 
that pristine material may be adversely affected by the presence of accidental mechanical 
damage and environmentally induced corrosion pits (Cardwell and Wilson 1989). Previous 
work on pure copper (Charsley and White 1987, Razzaq 1988) has shown that the presence 
of indentations in the surface enhances the formation of PSBs, but the way these experiments 
were designed made it impossible to assess the effect of indentation beyond the stage of PSB 
formation and development. Identical experiments were carried out on pure aluminium 
(Appleby 1988), but the slip enhancing effect of indentation was much less pronounced, if 
not completely absent.
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The work described in this thesis is an extension of the work on pure copper and 
aluminium to the Al-Cu-Mg alloy. The aim of the present work has been to study the effect 
of indentation on the fatigue properties of the alloy in the room-temperature and high- 
temperature aged states. The associated fields of research have been related to fatigue of 
aluminium alloys in general, although some work on other metals, e.g. steels, have been 
included when considering the effects of surface topography and sub-surface damage. The 
background studies have been divided into two parts. The first pan covers the areas of 
fatigue, including the effect of the state of the surface, and is presented in chapter 2. Chapter 
3 is devoted to indentation, which is the form of surface damage applied in this work, and 
it includes observations of indentation. Various models are discussed that have been applied 
to indentation and related problems.
The investigation was divided into three stages. Firstly, fatigue experiments were 
carried out in tension-compression at constant plastic strain in the range 1x10 '’ - 1.4x10'^. 
The deformation was studied by Nomarski optical microscopy and transmission electron 
microscopy (TEM), and the results are presented in chapter 5. Chapter 6 presents 
experiments on indentation and the analyses of the associated damage using Nomarski optical 
microscopy, transmission electron microscopy and laser scanning microscopy (LSM).
The effect of indentation on fatigue is presented in chapter 7, and includes the effects 
of the indentation on slip-line fomiation on the surface of the fatigue specimens as well as 
cracking initiated at the indents. Chapter 8 presents the results of modelling applied to the 
study of indentation slip, fatigue slip during the initial cycles concentrated near indentations, 
and to the cracks which appeared preferentially at the indentations. The high-temperature 
aged alloy showed a much more complex fatigue behaviour compared to the room- 
temperature aged alloy, and did not lend itself to modelling in the form tried here.
A particular feature that is of considerable importance in this work is the effect of 
GPB zones and S precipitates on the deformation behaviour. This is considered in relation 
to other work in the Discussion in Chapter 9, where the effects of indentation on fatigue 
failure are also considered.
Chapter 2
Background (I)
Fatigue
2.1 INTRODUCTION
LoW’rcycle fatigue of metals has recently been reviewed by Polak (1991), and much 
use has been made of references quoted in his book. An earlier book by Klesnil and LukaS 
(1980) is also useful, as well as the text by McClintock and Argon (1966). Because of the 
vastness of the literature on fatigue, the background material is presented as a series of 
snapshots of what is thought to be of general importance or of particular relevance rather than 
an attempt at an exhaustive review. The presentation of the background material for fatigue 
starts with the general concepts, particularly with reference to work on pure fee metals like 
copper, which has received much attention over the last 20 years, and also aluminium. The 
following sections will then focus on the fatigue of aluminium alloys.
2.2 GENERAL DESCRIPTION OF METAL FATIGUE
2.2.1 Introduction
Fatigue is a complex cumulative mechanism, and is generally a function of a number 
of variables for a given material, of which the following are normally considered: the applied 
mean strain or stress amplitudes, the number of cycles, strain rate, temperature, environment, 
previous mechanical history and the state of the specimen surface. Certain materials will be 
susceptible to some of these factors more than others, and the choice of materials for 
particular applications will represent a trade-off of properties related to these items in addition 
to cost, weight and ease of production of final parts. Most of the basic research has been 
conducted under conditions of constant stress, constant plastic strain and constant total strain.
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2.2.2 Fatigue life
The fatigue life is normally divided into different stages, with a greater severity of 
deformation for each stage. The following stages can often be identified, mainly based on 
an outline by Polâk (1991) and on Mughrabi’s detailed work on single crystals of pure copper 
under conditions of constant plastic strain amplitude (e.g. Mughrabi 1978):
1. Initial hardening/softening: Dislocation processes that either harden the
microstructure by dislocation-dislocation interactions (hardening), or breaks up 
a pre-existing micro-structure (softening).
2. Saturation of stiess: Development of a stable dislocation structure, depending 
on the magnitude of the plastic strain amplitude. .
3. Strain localization: Localisation of plastic deformation due to instabilities in 
the microstructure through the fondation of a matrix structure in which 
persistent slip bands (PSBs) develop.
4. Crack initiation and Stage I propagation: Fomiation of micro-cracks where the 
dislocation microstructure can no longer sustain the imposed loads, or where 
the plastic deformation has created stress raisers that develop into shear cracks.
5. Crack propagation (Stage II): Propagation of one or more cracks in a direction 
normal to the tensile axis.
6. Failure: Fast propagation of a Stage II crack leading to ultimate failure of a 
specimen.
The first three of these are governed by dislocation interactions with other dislocations, 
with second-phase particles and with grain boundaries (Grosskreutz 1972), whereas 
propagating cracks become gradually dominated by factors such as the loading conditions and 
the environment. Polak (1991) has classed the first three the "macro-crack initiation stage", 
and the last three the "macro-crack propagation stage".
The life of a smooth specimen undergoing fatigue has been found to be described 
empirically by power laws, where the relation between the fatigue life and the applied plastic 
strain is given by (Manson 1954, Coffin 1954):
Ep = ^ ' f ^ f  (2 .2 . 1)
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where 8p is called the applied plastic strain amplitude, e /  is the fatigue ductility coefficient, 
Nf is the number of cycles to failure, and c is the fatigue ductility exponent. The 
corresponding equation valid for tests under constant applied stress amplitudes, the Basquin 
law (Basquin 1910), is given by:
Gg = (2.2.2)
where a /  is the fatigue strength coefficient and b is the fatigue strength exponent.
The fatigue life is governed by the accumulation of plastic deformation. The simplest 
hypothesis for predicting the fatigue life of a specimen on this basis is the Miner equation 
(Miner 1945), where the ratio of the work (w,) done on a specimen over a certain number of 
cycles (Uj) to the total work done to failure (W) is set equal to the ratio of the number of 
cycles to failure (NJ at the same stress level. This gives
^  ^ H i  (2.2.3)W  A.
for each level of applied stress. Since EjWj = W, summing over the stress levels leads to
= 1 (2.2.4)
F
which is Miner’s rule. Refinements to this equation have been proposed, in order to 
incorporate the effect of cyclic hardening (Kramer 1976, Aslam and Jeelani 1985).
2.2.3 Stress-strain relations
Depending on the application of parts being simulated in a controlled fatigue 
experiment, cyclic loading can be carried either under conditions of constant (total or plastic) 
strain or constant stress amplitude, to simulate conditions in stiff or compliant structures, 
respectively. The difference in terms of plastic deformation of a pure metal undergoing 
fatigue is shown in Fig. 2.2.1. Under conditions of constant plastic strain, the plastic strain 
increments in each cycle are identical, which usually results in a gradually hardening of the 
specimen and an increase of the flow stress. In constant stress the flow stress increases while 
the plastic strain increments per cycle are reduced. The imposed plastic strain is therefore 
much higher initially in the latter form of test, which may be reduced by gradually increasing 
the applied load during the initial hardening.
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5
CUMULATIVE PLASTIC STRAIN
(a) (b)
Fig. 2,2.1 Plastic strain accum ulation for tests carried out at (a) constant plastic strain and (b) 
constant stress am plitudes. (A fter Kettunen and K ocks 1972)
The hysteresis loop is a trace of the stress versus either total strain or plastic strain for 
a material undergoing cyclic loading, and an example is shown in Fig. 2.2.2. A closed loop 
(zero area) shows that the material response is purely elastic, whereas an open loop gives the 
measure of the induced plasticity, and hence how much energy is dissipated in the specimen 
in one cycle. From the shape of the hysteresis loop, information can be extracted which 
relates to the deformation characteristics, e.g. the Bauschinger effect, which is a measure of 
the differences in resistance for the forward and reverse movement of dislocations due to 
dislocation interactions and long-range stresses (Stoltz and Pelloux 1975). The Bauschinger 
effect shows up, if sufficiently large, as a concavity in the hysteresis loop (Demirkol and Aran 
1990). Another characteristic of the loop shape is the loop shape parameter (Mughrabi 1978), 
which is defined as the ratio of the hysteresis loop area divided by a parallelogram with width
N = 1 N =522 N =1930 N =10000
1x10 o
Fig. 2 .2 .2  Hysteresis loops o f  a copper sin g le crystal oriented for single slip. (After Pohtk 1991)
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2ep and height 2(j„ which for mono-crystalline copper, has been found to go through a 
minimum at the onset of gross slip markings (Polak 1991) and thereby indicates the onset of 
persistent slip band formation.
In addition to fatigue life curves (Wohler curves) and the hysteresis loop, there are 
other ways of presenting fatigue deformation data, and the two that deserve mentioning here 
are cyclic stress-strain (CSS) curves and cyclic hardening/softening curves. The CSS curve 
is obtained by plotting the saturation stress against the plastic shear strain for a range of 
values of stresses and plastic strains (cf. section 2.3.2). Some materials, e.g. copper and 
copper alloys reach a near constant saturation in the stress amplitude over a large range of 
applied plastic strains, and a detailed analysis of the relation between the saturation stress and 
observed dislocation structures have been made in copper (Mughrabi 1978), which will be 
described on more fully in sections 2.3.2-3. In other crystals, e.g. pure aluminium, a 
saturation is not reached in tests carried out at room temperature. The material simply 
hardens to a peak value and sometimes softens prior to failure, or in some cases goes through 
an intermediate stage of softening. It is therefore not possible to establish a CSS curve.
2.2.4 Strain localization - Persistent slip bands (PSBs)
Early this century, Ewing and Humphrey (1903) observed slip bands on wrought-iron 
specimens fatigued in rotating bending below the yield point. Prolonged cycling led to a 
widening of the bands, and in the more intense bands, fine cracks developed.
The slip bands which appear can be divided into two categories. On removing slip 
lines after fatigue by polishing, persistent slip bands (PSBs) reappear (Thompson and 
Wadsworth 1958) while others do not. This is due to the fact that PSBs are regions in the 
crystal which, due to the cyclic deformation, are softer than the rest of the grain, or "matrix", 
and therefore localize slip. Microstructural details concerning PSBs will be treated more fully 
in sections 2.3.3-4 and 2.4.5-6.
2.2.5 Crack initiation and propagation
The crack propagation is divided into two distinct stages, initially pointed out by 
Forsyth (1961). A Stage I crack, which normally is a slowly propagating crack (typically an 
average value of 1 - 10 nm/cycle), propagates along the trace of a slip plane, and is thought 
to grow by shear due to irreversible dislocation activity on a particular slip plane ahead of the
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crack tip. When the propagation of a Stage I crack along the direction of maximum shear 
stress reaches a critical length, the propagation direction will alter and orientate itself normal 
to the tensile axis. It is then characterized as a Stage II crack, and the propagation rate is 
roughly proportional to the length of the crack, and it continues to propagate until the Stage 
II configuration becomes unstable, causing ultimate failure o f the specimen. If the Stage I 
crack does not reach the critical length due to changes in the stress, e.g. due to the distance 
from the stress raiser which caused the initiation and early propagation, it may stop 
propagating altogether.
Very little seems to be known about the propagation of Stage I cracks, and as the 
propagation rate is slow and the cracks are often found to stop propagating, less work has 
gone into characterising Stage I cracks than Stage II cracks. Modelling of Stage I cracking 
has been carried out in single crystals by relating it to the resolved shear stresses on the in 
the crystal via the crack tip stress field (Duquette et al 1970, Nageswararao and Gerold 1976).
Several models for Stage II crack propagation have been put forward (Laird and Smith 
1963, Neumann 1969, Kikukawa et al 1979, Bowles and Schijve 1983), based on observations 
of crack propagation under various experimental conditions, and an overview has been given 
by Polâk (1991). The models all have in common that the advancement of the crack per 
cycle is approximately equal to 0.5 - 0.6 
times the crack opening displacement. In
P eak
com pression
P eak .
tension
particular, Laird’s model (Laird 1967), 
based on observations of cracking in 
various ductile metals, has received much 
attention. In Laird’s model (Fig.2.2.3) the 
crack grows by an alternate sharpening and 
blunting of the crack tip, and the only 
assumption is a lack of reversibility of slip 
at the crack tip. At peak stress in the 
tensile half cycle slip ahead of the crack tip 
is activated, which causes a lowering of the 
crack tip stresses, i.e. a blunting, and re- Fig. 2,2.3 Crack growth model due to Laird (1967) 
shaipening occurs at peak compression.
Peak
com pression
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2,3 FATIGUE OF PURE METALS
2,3.1 Introduction
Much work has been done on fatigue of pure metals, and the niajority of published 
work has dealt with different aspects of the fatigue properties of mono-crystalline copper, 
mostly oriented for single slip. From this work, extensions have been made to poly­
crystalline copper and to aluminium, nickel and silver, which have often been analyzed in 
terms of their similarities or differences relative to copper.
2,3.2 Stress-strain response
In a constant plastic shear strain test, copper single ci*ystals reach a saturation stress 
at all values of imposed plastic shear strain amplitudes (yp. The value of the saturation shear 
stress amplitude is close to constant for a large plastic strain amplitude interval. The earliest 
detailed studies were due to Mughrabi (1978), who studied copper single crystals (at room 
temperature in air) oriented for single slip over a range of applied plastic shear strain 
amplitudes. He produced the cyclic stress-strain curve shown in Fig. 2.3.1. The CSS curve 
show a pronounced plateau of 28 MPa (for plastic shear strain amplitudes in the range « 
10“^ - 10'^) which corresponds to the stage in fatigue where a specific volume fraction 
occupied by PSBs is found, depending on yp.
The volume fraction increases from 0 to 
100% along the plateau (Winter 1974). The 
shape of the CSS curve has since (Cheng and 
Laird 1981) been found to be relatively 
insensitive to crystal orientation, with the 
exception of the hard (multiple slip) 
orientations close to <001>, <011> and 
< 1 1 1>.
Winter (1974) put forward the so- 
called two-phase model to describe the 
constant flow stress at the plateau. It is an 
analogy to the law of mixtures for a vapour 
and a liquid, and is stated as
volume froclion f. occupied bj PSBs
3 0 -
20-
10- ’p l.P S B
Fig. 2.3.1 CSS cu ive lor Cu single crystals. 
(After Mughrabi 1978)
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^ ^PSBfPSB ~fpSB^ (2.3.1)
where and Cpsn aie the local plastic strain amplitudes in the matrix and PSB, respectively, 
and fpsB is the volume fraction of the specimen containing PSBs. In the analogy with a gas- 
liquid mixture, the plastic strain amplitudes in the PSBs and the matrix correspond to the 
density of the liquid and vapour phases, respectively, while the stress amplitude coiTesponds 
to the pressure. The two-phase model has been confirmed for low amplitude fatigue, both 
for mono-crystalline and poly-crystalline copper (Winter er a/ 1981, Rasmussen and Pedersen 
1980), However, the strain distribution within the slip bands can vary considerably (Finney 
and Laird 1975), and Basinski et al (1983) have estimated that the strain in active regions in 
the PSB may be up to thirty times higher than stated by Winter.
In the case of aluminium, saturation is not achieved during a test (Alden and Backofen 
1961), which means that no CSS curve can be established. Compared with copper, the cyclic 
hardening rate of aluminium is lower (Videm 1992).
Charsley and Thompson (1958) investigated the initial hardening of aluminium single 
crystals of various orientations under conditions of constant stress amplitude. They found that 
the hardening, measured as the decrease of the hysteresis loop width, followed a power law 
of the form
W  = A n ~ ^  (2.3.2)
where A is a constant and q is a measure of the hardening rate. The hardening rate was often 
practically constant over a range of stress amplitudes, but in general varied typically between 
0.2 - 0.5 between 10 - 400 cycles, with the larger values for crystals of single slip orientation.
The stress-strain response for pure aluminium in plastic strain control has been 
investigated by Vorren and Ryum (1987). Most specimens analyzed showed hardening to a 
peak value, depending on the applied plastic strain amplitude, followed by a region of 
softening before the onset of a second hardening stage. In the region of softening o f single 
crystals with a [Ï23] orientation, the hysteresis loop did not change within the plastic shear 
strain range 4.2x10^ - 1.2x10'^. The value of the shear stress amplitude during this 
"saturation" stage was found to depend on the plastic shear strain amplitude. Investigations 
of aluminium crystals of other orientations (1988) at a constant plastic strain amplitude of Cp 
= 8.3x10 '’ showed that a similar sequence of hardening softening -> hardening existed also
10
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for other orientations, both soft (near [Ï23]) and hard (near [001] and [Ï22]). The difference 
was that crystals of hard orientations underwent this sequence after fewer cycles than the 
crystals with a soft orientation. Vorren and Ryum noted that the hysteresis loop for 
aluminium single crystals fatigued at room temperature changed much less than the 
corresponding hysteresis loop for copper, which they took to indicate that the defoimation in 
aluminium was more uniformly distributed in aluminium than in copper. They further found 
that macro-bands always appeared at the first peak of the hardening curve. Reappearance of 
these macro-bands after polish and re-fatigue confirmed that they were persistent slip bands. 
The way that the surface fraction of macro-bands increased led them to believe that PSBs did 
not widen, but that new PSBs were fomied, and that the barrier to nucléation of new PSBs 
might be related to secondai^ slip, which occurs more readily in aluminium than in copper 
due to the higher stacking fault energy. PSBs were found to develop rapidly during the 
softening stage, and at the onset of secondary hardening the macro-bands slowly widened and 
eventually covered the entire crystal surface.
Videm and Ryum (1988) and Videm (1992) studied the deformation of single and 
poly-crystals of pure aluminium. It was found that even poly-crystals underwent a sequence 
of initial hardening —> softening —> hardening, where the hardening curves were shifted to 
higher stress levels and a lower number of cycles with increased plastic strain amplitude. It 
was also found that variations in grain size did not affect the lifetime of the specimens, but 
in a test where crystals with grain sizes of 110, 250 and 460 p.m were tested at a constant 
plastic strain amplitude of = 3.2x10 '’, the hardening curves shifted toward higher stresses 
the smaller the grain size, giving initial hardening peaks of 14, 16 and 17 MPa, respectively. 
The development of surface slip markings on poly-crystalline specimens initiated during the 
softening stage. On the surface of single crystals with a <100> orientation, a more intricate 
pattern ("cord" or "tweed") marked the onset of softening. This pattern (Charsley and Harris 
1987) had previously been observed on poly-crystalline aluminium.
There are two models which seek to account for the influence of poly-crystallinity on 
the stress-strain response of a material, that due to Taylor (1938) and that due to Sachs 
(1929). The Taylor model assumes multiple slip in all grains due to a strong influence of 
neighbouring grains, whereas the Sachs model assumes that each grain essentially defomis 
as a single crystal of the appropriate orientation, i.e. by single slip if single slip orientation. 
The calculated mean values ( M , f o r  the orientation factors (M = 1/m, where m is the
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Schmidt factor) calculated by these models relate the axial flow stress (a) with the mean 
resolved stress (x), and the axial strain (e) with mean resolved shear strain (y), according to
°  ® =  ' d e m e a n
where M„,can for Sachs’ and Taylor’s models are M,„ean = 2.24 and 3.06, respectively.
Pedersen et al (1982) investigated the form of the cyclic stress-strain curve for poly­
crystal. They found that the available experimental evidence supported the Sachs model in 
combination with Eshelby’s (1957) theory of internal stresses (used to model the internal 
stress set up by an elastically constrained PSB) in that, over the strain range where saturation 
is observed in single crystals, a linear hardening is observed for poly-crystals. Taylor’s theory 
did not match observations due to the prediction of a plateau where Sachs’ model coirectly 
predicts a positive slope.
2.3.3 Persistent slip bands
The most thorough investigations on the development of the surface morphology of 
PSBs appears to have been earned out by Basinski and Basinski (Basinski and Basinski 1988) 
on copper single crystals fatigued at temperatures in the range 4,2 - 350 K. The appearance 
of the PSBs was found to vary with temperature, and three types of PSB morphologies were 
identified as typical in a given temperature range, denoted Types I - III, observed at 4.2 K,
77.4 K and 351 K, respectively. The Type I PSBs appeared as slight bulges on the surface, 
the outer surface covered with long smooth extrusions. Type II PSBs were triangular in 
cross-section, raised above the surface higher than any observations made at room temperature 
and were associated with cracking, the vast majority observed at the re-entrant angle between 
the PSB and the original surface. Type III PSBs were found to lie in the plane of the original 
surface, much like PSBs observed at room temperature but more wavy in appearance. The 
PSB profiles were not affected by environment.
PSBs in aluminium have been much less studied. Vorren (1985) shows micrographs 
of PSBs in aluminium single crystals where the structure of the PSBs are long complex bands 
of extrusions with the appearance of strands of material twisted together. The bands were 
separated by roughly 10 jim and were a few microns wide. No extrusion height was noted, 
but the micrographs indicate a similar height to the width. Appleby (1988) shows PSBs in 
aluminium poly-crystals that are rather similar in appearance to PSBs shown by Razzaq
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(1988) on poly-ciystalline copper, consisting of several layers of extrusions and intrusions. 
Protruding PSBs, which give a bulged PSB profile, are commonly found in copper (Basinski 
and Basinski 1985, Ma and Laird 1989a) but seem to be absent in aluminium.
2.3.4 Dislocation structures and mechanisms
Copper has the most extensively studied fee metal studied in TEM for many reasons, 
viz. availability, priee, purity and ease of handling and making TEM foils. In addition eopper 
shows very well-defined, reproducible dislocation structures which have lent themselves 
successfully to mathematical modelling. Early stages of fatigue produces dislocation dipoles 
and loops (Antonopolous and Winter 1976), which cluster together into patches or veins of 
high density separated by channels of a comparatively low dislocation density. This is 
described as the. matrix structure. The veins consist of hard shells and relatively softer 
interiors (Kuhlmann-Wilsdorf and Laird 1980). From the vein structure, other well-defined 
structures develop, viz. the wall structure and the labyrinth structure (Jin and Winter 1984) 
and the PSB ladder structure. The vein structure reforms into the other structures by a 
dissolution of the interiors of the veins Winter (1978). Jin (1989) has shown TEM results 
indicating that the PSB ladder structure forms by this mechanism, and that the length of the 
ladder is increased by the addition of rungs
from veins whose interiors are denuded of 
dislocations. Dislocations are produced in 
the channels by the bowing out of 
dislocation edge segments (Mughrabi et al 
1979). The bowing-out continues until the 
edge segment reaches the wall on the other 
side of the channel, at which point the screw 
segments start shuttling in the channel, 
carrying the imposed strain.
The details of PSBs have been 
studied and modelled by a number of 
researchers, the most successful being the 
models suggested by Antonopolous, Brown 
and Winter (1976) and Essmann, Goselle and
Fig. 2 ,3 .2  Schem atic representation o f  a PSB
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Mughrabi (1981). Antonopolous et al (1976) studied in detail the dipoles which appear 
during fatigue of copper single crystals. Both perfect and faulted loops were obsei’ved, and 
the majority of the faulted loops were found to be of vacancy type. (They found no evidence 
for the flip-flop mechanism described later in this section.) This led to the formulation of a 
model for PSB formation, shown in Fig. 2.3.2, where the PSBs are thought to grow by the 
accumulation in the walls of the PSB of dislocation dipoles. The extrusions on the surface 
corresponds to the "missing atoms" from the high density of vacancy dipoles.
Not only the type of dislocation structure, but also the dimensions of the dislocation 
structures have been found to depend on temperature. Basinski et al (1980) found that the 
spacing between the rungs in the ladder structure was reduced with temperature and measured 
0.45 jam at 4.2 K, 0.7 |im  at 77.4 K and 1.3 jam at 298 K. (The corresponding saturation 
stresses were 73, 48 and 25 MPa, respectively.) The decreased spacing is related to the 
decreased annihilation distance for the shuttling screw dislocations (Essmann and Mughrabi 
1979).
The PSB structure in copper single crystals is a region where the imposed strain is 
carried by the dislocation activity between the rungs in the ladder structure. (The distribution 
of stresses is then given by the law of mixtures, Eq. 2.3.1) A further increase in the plastic 
strain amplitude gives rise to the cell structure. Kuhlmann-Wilsdorf (1987) stated two 
empirical rules which linked the flow stress with the dislocation density and cell size. It has 
been found that the flow stress is proportional to the inverse of the cell size, and is reduced 
if the plastic strain amplitude is increased during a test. Both relations are summed up by an 
expression of the fomi
T « G b \fp  (2.3.4)
w h e r e i s  the flow shear stress and p is dislocations density, but the expression is also valid 
for the cell structure, where Vp is equal to the inverse of the cell diameter. This inverse 
relation has been observed for poly-crystalline aluminium by TEM (Grosskreutz and Waldow 
1963). Eq. 2.3.4 is also of a similar form to the expression which describes the activation 
stress for a dislocation to bow between two pinning points in its glide plane, the Frank-Read 
stress. Feltner’s flip-flop theory (Feltner 1965), which sought to explain how dislocation 
dipoles, by flipping from one stable configuration to another could accommodate plastic 
strain, also takes a similar form. In these two cases, which will not be discussed any further.
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Vp is replaced by 1/d, where d is the distance between the pinning points and the dipole 
width, respectively.
Polàk (1987) and Essmann et al (1981) investigated the role of point defects in cyclic 
fatigue of copper single crystals. In the model by Essmann et al (the "EGM" model), 
vacancies are produced in the walls of the PSB. They migrate into the PSBs and give rise 
to a mass flow which gives rise to surface relief. In Polâk's model, vacancies are produced 
by the annihilation of edge dislocation dipoles in the walls of the PSB, but it is suggested that 
they propagate both into the matrix and into the PSB, giving rise to a wavy appearance of the 
extrusions in the PSB with a spacing equal to the projected width of the rung spacing, in 
accordance with his observations.
Common to Al, Cu and Ni is that the microstmcture during initial stages of cycling 
consists of dislocation dipoles developing into patches consisting of dislocation dipoles and 
loops. Differences exist in terms of the number of dislocations with different Burgers’ vectors 
which are active. From the loop patch structure, the dislocation anangements that develop 
vary from material to material, and also depends on the temperature. Shirai and Weertman 
(1983) and Charsley et al (1989) have mapped the different dislocation structures in copper 
and aluminium, respectively, as a function of total strain amplitude and temperature, and these 
are shown in Fig. 2.3.3. The figure also indicates the homologous temperature ( T^ = T/T^, 
where T ,^ is the melting point temperature), which corresponds approximately to the ease of 
self diffusion. For a given temperature T^ is higher for aluminium than for copper, which 
means that at a given temperature vacancy formation and movement will be easier in copper 
than in aluminium. At high T^ , (> -0 .3  and -0 .4  for aluminium and copper, respectively).
E
• ÏÎO
T o t a l  S t r a i n  A m p l i t u d e  g  i i o '
Copper
T o t a l  S t r a i n  A m p l i t u d e  £ ,  »»<>''
Aluminium
Fig, 2.3.3 Comparison o f  dislocation structure in copper and aluminium as a function o f  
hom ologous temperature. (A fter Charsley and Bangert 1989)
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both copper and aluminium develop cell structures, and veins and labyrinth structures are seen 
to be formed at similar strain amplitudes and T„ for the two materials. Differences are found 
for small strain amplitudes, where copper develops a vein structure and aluminium develops 
a loop patch structure, and for larger strain amplitudes, where copper develops a PSB ladder 
structure. The PSB ladder structure has not been observed in aluminium. Chars ley et al 
(1989) also emphasized the difference in the stacking fault energy of the two materials, which 
is given as ~200 m J/nf for aluminium and ~60 mj/m^ for copper. The higher stacking fault 
energy for aluminium leads to easy cross-slip and to secondary slip, because of the lower 
stress required for dislocation intersection.
It is interesting to note that the matrix structure observed in copper and aluminium are 
quite similar, and that they also appear to break down into other stiuctures in a similar way. 
Bangert and Charsley (1990) investigated the break-down of the loop-patch structure in poly­
crystals of aluminium thin foils cemented to an alloy beam which was cycled in reverse 
bending. The thin foils were fatigued, de-bonded, studied in TEM, and re-fatigued several 
times, making possible observations of localized changes. It was observed that dislocation 
loop patches reformed into cells by a break-up of the interior of the loop patches, while the 
edges of the loop patches remained in the same positions. It was also found that the 
dislocation structures are sensitive to temperature changes. One foil was cycled at a total 
strain amplitude of = 6x1 O’'* at 163 K. It was recycled at the same amplitude, first 10 
cycles at the same temperature and then 10 cycles at 223 K. The first recycling did not alter 
the dislocation structure, but the fatigue at the higher temperature completely changed the 
appearance of the dislocation structure.
Another important point is the effect of the grain size on the hardening of copper and 
aluminium. Liang and Laird (1989) had found that the hardening of copper crystals (in temis 
of the stress amplitude versus the plastic strain amplitude) increased with increasing grain 
size, whereas Videm (1992) found the opposite to be the case in aluminium. Liang and Laird
(1989) argued that since the interaction between grains increased with increased glide length, 
this would cause an increase in secondary hardening in larger grains. Videm (1992) argued 
that in aluminium, slip forms PSBs in the form of macro-bands (as opposed to slip in copper 
which traverses the entire grain) where the effective glide length is proportional to the width 
of the bands, and little dependence on the grain size would be expected. However, due to 
compatibility requirements at the grain boundaries, a zone near the grain boundary would still
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deform by multiple slip, which in the case of small grains would cover a larger fraction of 
the grain, thereby leading to greater hardening for decreasing grain sizes.
Mecke and Blockwitz (1982) studied dislocation structures in cyclically deformed 
nickel single crystals. Very similar dislocation stmctures to those found in copper were 
observed. At low total strain amplitudes (e  ^= 0.5x10'^) at room temperature, the dislocations 
formed a loose vein structure. At the plateau PSBs were found forming in the vein structure, 
with rung spacings of ~1 jam. Another saturation structure was also observed which was 
characterized as a "parquet" structure, consisting of walls in two perpendicular directions and 
appears identical with the structures, observed in copper and aluminium, which have been 
called "labyrinth" structures (Charsley 1981, Jin and Winter 1984). Similar observations have 
been made for single crystals of silver (Mughrabi et al 1978).
2.3.3 Crack initiation and propagation
In pure metals, initiation sites for cracking have been identified as PSB intrusions and 
with grain boundaries. Crack propagation has been associated with grain boundaries, slip 
planes, and sub-grains.
Woods (1958) studied fatigue in pure copper and alpha-brass. Woods noted the 
appearance of two types of striking surface changes, one type where the fatigue band open 
the surface into sharp notches, and the other, where a "peak or ridge" is built up. These were 
observed at 1/10 of the fatigue life of the specimens. Woods concluded that the prime cause 
for cracking must lie in these "notches and peaks built up by the geometry of the alternating 
slip movements in the heavily deformed fatigue bands."
Kim and Laird (1978a-b) studied the role of the grain boundaries in poly-crystalline 
copper during high strain fatigue. They found that steps developed at particular types of grain 
boundaries, growing in height to -1.5 jim at which point the stress concentration was found 
to be sufficient to drive a crack along the boundary and into the bulk. The conditions for 
cracking were that the boundary joined highly misoriented grains, the trace of the grain 
boundary made an angle with the stress axis of 30 - 90°, and that the active slip system had 
to operate over a long slip distance and be directed at the intersection of the boundary with 
the surface. Grain boundary cracking has also been observed in aluminium (Smith 1957, 
Videm 1992).
Ma and Laird (1989a-e) published a series of papers on crack initiation and
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propagation in copper single crystals. They found a tendency to form longer cracks 
preferentially at the leading edges of positively protruding macro-PS Bs and at the valleys of 
negative protrusions. Also, preferential cracking was observed at isolated micro-PS Bs, which 
was explained in terms of the strain concentration at PSB-matrix interfaces, and it was further 
found that the measured crack lengths corresponded to the distribution of local strain 
measured in the PSBs. The maximum crack growth rates and crack depths were not affected 
by the applied strain amplitude at an early stage of the fatigue life, and the average crack 
propagation rate was found to be independent of the applied strain amplitude with a 
magnitude per cycle close to the length of the Burgers’ vector for copper (2.55 A).
LukaS and Klesnil (1971) show TEM evidence of a dislocation cell structure in the 
region of crack tips in single-crystals of copper, where the cracks had initiated from notches 
caused by slip band formation.
PoMk and LiSkutin (1990) and Polâk et al (1985) studied crack growth nucleating on 
PSBs in copper single crystal and poly-crystals respectively, with very similar res-ults. Crack 
initiation was related to intrusions appearing in PSBs, linking up to form shallow cracks. 
Polak and Liskutm also observed grain boundaries developing relief and becoming 
"persistent", developing extrusions/intrusions and causing crack initiation.
Tong et al (1986a-b) investigated the cracking of notched single-crystals and poly­
crystals of aluminium fatigued in tension-tension (R = 0.1). The single-ciystal specimens 
were oriented such that the traces of two {111} slip planes were positioned symmetrically 
with respect to the Mode I notch*. The symmetry caused either a single maximum of the 
shear stress directly ahead of the notch, or two symmetrically positioned maxima coinciding 
with the trace directions of the (111} slip planes away fi'om the notch. When the maximum 
shear stress appeared directly ahead of the notch, the crack would propagate alternately on • 
the two (111} slip planes and produce a crack trace in the direction of the extension of the 
notch. Shear-cracking along the trace of both slip planes would result when there were two 
maxima. In the case of the poly-crystalline material, they found that the crack propagation 
was always in the direction perpendicular to the tensile axis, both when initiated from Mode 
I and Mode I+II notches, but no grain size of the poly-crystals were given.
Grosskreutz and Waldow (1963) studied fatigue microstructures in thin foils of
* M ode I: Opening or tensile mode.
M ode II: S liding or in-plane shear mode. (I + II: M ixed m ode.)
18
Chapter 2 Background (I): Fatigue
aluminium poly-crystal cycled in reverse bending. They observed sub-grains forming in the 
area close to the crack tip of an advancing crack. They argued that there were in principle 
two preferred traces for crack propagation, one along active slip planes and another along sub­
grain boundaries, where the strain energy of the crystal is at a maximum. It was concluded 
that sub-grain boundaries and crack growth were inseparably related, that the fatigue crack 
would propagate along sub-grain boundaries due to the large number of dislocations which 
can contribute to the fracture mechanism. Only short cracks on {111) planes were observed, 
which did not lead to failure.
McEvily and Boettner (1963) studied crack growth in aluminium single crystals and 
in some copper alloys fatigued in tension-tension and tension-compression at constant stress 
amplitude, in both cases for a range of different stress amplitudes. Initial cracking occun*ed 
along {1 1 1 } slip planes and was associated with slip on two, sometimes three slip systems. 
The crack propagation rate was constant and independent of the crack length, and the cracks 
were found to propagate faster along the surface than into the bulk. Observations of the crack 
surfaces of pure aluminium showed that the initial cracking is a continuation of the shearing 
process-which initiates cracking. After further cycling, the fracture surface was on a fine 
scale found to consist of irregular facets, tending to confirm the suggestion by Grosskreutz 
and Waldow (1963) that the crack propagates through a substructure in the material.
Videm (1992) fatigued poly-crystalline aluminium under conditions of constant plastic 
strain, and found that cracks initiated and propagated preferentially along grain boundaries, 
and only to a limited extent propagated transgranularly. In Stage II the cracks propagated 
transgranularly, approximately perpendicular to the loading direction.
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2.4 FATIGUE OF ALUMINIUM ALLOYS
2.4.1 Introduction
Not much work has been carried out recently on Al-Cu-Mg alloys, which this report 
is concerned with. Al-Li alloy systems have come to the forefront of research due to 
potential weight-savings of --10 - 15% compared to conventional Al-Cu-Mg based alloys 
(Flower and Gregson 1987). Some fatigue characteristics of Al-Li alloys and Al-ZnMg alloys 
have therefore also been included where appropriate, but more exotic materials have not been 
included. Very little work has been published on the pure ternary Al-Cu-Mg alloy, and 
therefore the most relevant work referred to here is fatigue experiments on the 2024 and 2124 
alloy, which are the closest in composition to the pure Al-Cu-Mg alloy,
2.4.2 Precipitation hardening and grain refining
The most important method for strengthening metals in engineering applications is to 
alloy a metal with other materials. The aim is to produce microstructures that can reduce the 
amount of slip in the crystal, thereby reducing the build-up of strain concentration during 
plastic deformation, which otherwise leads to cracking. (Another important way in which the 
material may be strengthened is by various types of surface treatment, e.g. hardening the 
surface by shot-peening or covering the
surface with protective coating.)
When the solute concentration in an 
alloy exceeds the limit of solubility for the 
matrix phase, a second phase will start to 
precipitate out. Fig. 2.4.1 is a schematic 
phase diagram showing an alloy of 
composition X. Heating above the solvus 
temperature (T,) produces a single a  phase, 
while temperatures below T^  produce two 
stable phases, a  and (3.
Solute hardening is the result of
. Fig. 2.4.1 Schematic of part of binary phaseheating the alloy into the (X field of the diagram. (After Hertzberg 1976).
phase diagram and quenching rapidly into
T
L+a
X
C o m p o sitio n
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the a  + |3 field, which produces a super-saturated solution. At room temperature there is 
insufficient atomic diffusion to produce precipitates, but e.g. in Al-Cu-Mg alloys GPB zones 
will form (see section 2.4.3). The result o f the production of a GPB zone structure is to 
produce higher frictional stresses for the dislocations to overcome compared with the pure 
metal.
The zones produced by solution heat-treatment are mostly coherent and therefore 
shearable by dislocations, so in order to reduce the dislocation mean free path, age-hardening 
is carried out by raising the temperature of the alloy to allow further diffusion which produces 
larger, non-coherent or partially coherent precipitates which prevent dislocation glide more 
effectively. The increase in energy to bypass the precipitates is given by the expression for 
the strength of a Frank-Read source given earlier, where d would now represent the distance 
between the particles. To reduce the particle distance d, the material can be given a pre-strain 
treatment. The other way of achieving a fine precipitate distribution is to limit the diffusion 
of material in the solute, causing a larger number of more finely distributed precipitates. In 
Al-Cu-Mg alloys, Wilson (1969) studied the effect of adding silicon. Wilson concluded that 
"the effect of silicon may be to increase the effective binding energy between the solute 
atoms, vacancies, and GPB zones, so enhancing the stability of the zones and raising the 
temperature at which the S precipitates could form by transformation in situ from the GPB 
zones".
In age-hardenable alloys, pre-straining (i.e. dislocation hardening) is used to produce 
a finer disti'ibution of precipitates, e.g. to produce the 851 temper of the commercial 
aluminium alloy 2024. In this case the dense distribution of dislocations act as nucléation 
sites for precipitation, causing a fine distribution of precipitates.
A high-angle grain boundary also reduces the distance a dislocation can move in a 
crystal. Hall (1951) and Fetch (1953) found that the contribution to the yield strength Gy due 
to the giain size was given by
O y  =  O ^ + k y l y / 3  ( 2 . 4 . 1 )
where ky is a measure of the relative hardening contribution due to the grain size, and Oj is 
the overall resistance to dislocation movement in the lattice. In order, therefore, to reduce 
the grain size, grain refiners are added to the alloy to prevent excessive grain growth, e.g. 
manganese and chromium to 2024 and 7075 alloys, respectively. In the commercial alloy
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RR58, the grain size is reduced by the addition of iron and nickel, which form FeNiAlç 
(Wilson and Forsyth 1966). In Al-Li alloys, the grain growth is inhibited by the addition of 
zirconium, which produces precipitates of composition AlgZr (Starke et al 1981).
2.4.3 The microstructure of the ternary Al-Cu-Mg alloy
The microstructure of this alloy system^ has been studied by several workers (Perlitz 
and Westergien 1943, Wilson and Partridge 1965, Wilson 1968, Gupta et al 1987, Cho 1976), 
and the growth kinetics have been studied more recently by Jena et al (1989) and by 
Chaturvedi et al (1989).
The microstructure of the solution heat treated and RTA structure was studied by 
Wilson (1968), who also investigated the effect of heat treatment at various temperatures. 
The microstructure consists of dislocation loops, whose sizes depend on the quenching rate 
and final temperature of the quenching bath. In addition to the loops, helical dislocations are 
also observed, whose radii are mostly smaller than the radii of the dislocation loops. Helices 
are preferentially oriented in <110> directions, the axes coinciding with the Burgers’ vector 
of the dislocation. The development of the helical shape is thought to occur on dislocations 
possessing a strong screw component fixed with a node at either end. With a sufficient 
concentration of vacancies arriving at the dislocation it will start to climb out of its glide 
plane. If the node points remain fixed, the movement of the dislocation will be paitly by 
climb and partly by glide along the cylindrical surface defined by the direction of the 
Burgers’ vector, resulting in the final helical shape.
Precipitation depends on the mixture of the alloying elements, i.e. solute content and 
ratio of alloying elements. The precipitation sequence in the S system is (Wilson and 
Partridge 1965): Supersaturated solution GPB zones —> $ ’ -> S (laths of Al2CuMg). 
The difference between S ’ precipitates and the S precipitates is that they have slightly 
differing lattice parameters (Flower and Gregson 1987). Gupta et al. (1987) found (by 
simulation of the mixed diffraction patterns of the aged structure containing S’ precipitates) 
that the S ’ precipitates are simply strained versions of S precipitates, which if removed from 
the lattice would relax to S. Wilson (1968) chose, for consistency with other researchers, to
 ^ In tiiis thesis S, rather than S’, has been used throughout, but in reference to published papers, 
the original nomenclature has been used where confusion would otherwise arise.
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refer to the laths as S precipitates, but the term S ’ has recently been used again (Gupta 1987, 
Jena et al 1987, Chaturvedi et al 1989). (In addition, another unstable intermediate phase, S ” , 
has been reported by some researchers (Shchegoleva and Buynov 1967), but not by others 
(Weatherly and Nicholson 1968)). The solute content of the alloy is normally in the range 
1.5 - 4wt% Cu and 0.5 - 1.5wt% Mg (see phase diagram in appendix F). With a low solute 
content, the S precipitates are reported to not grow into laths, but have the shape of rods (Jena 
et al 1989).
Jena et al (1989) studied precipitation kinetics and applied a calorimetric technique 
in order to determine activation energies and the precipitation sequence, in an alloy of the 
same Cu:Mg ratio of that used by Wilson and Parti’idge (1965) and Wilson (1969), but with 
a lower total solute content (1.53 wt% Cu - 0.79 wt% Mg). By observing heat gains and 
losses (endothennic and exothemiic) they found no direct link between GPB dissolution and 
S precipitation and no direct evidence for a S ”  phase, but they found that less heat was 
evolved during precipitation of GPB zones than was absorbed during dissolution, which lead 
them to believe that an S ” phase might be present and lead to the increased energy absorbed, 
although no diffraction effects were obseiwed. (Due to the lower solute content, the S 
precipitates did not form laths, but were observed as rods.) Comparisons between activation 
energies for the migration of vacancies with their calculation of activation energies for 
precipitation of GPB zones lead to the conclusion that GPB zones aie formed by quenched-in 
vacancy aided diffusion of solutes. No evidence for significant differences in the S’ and S 
precipitates were found; a separate peak in the thermograms which might have reflected this 
was not obseived. Nucléation of S precipitates from GPB zones has been documented for 
other aluminium alloys, viz. Al-Zn, Al-Cu, Al-Zn-Mg and Al-Cu-Si (Marth et al 1976). The 
relation between GPB zones and S precipitation is not as cleai* for the present ternary alloy; 
in Al-Li alloys containing S precipitates there have been no observations of the formation of 
GPB zones (Gregson and Flower 1989).
The stmcture of the S phase was first studied by Perlitz and Westergren (1943), who 
deteimined that the precipitate as face centred oithorhombic, with a = 4.00, b = 9.23 and c 
= 7 .14  Â. The lath structure has the following orientation in the aluminium matrix (Wilson 
and Partridge 1965): [lOOJs II [100]^„ [010]s II [021]^„ [001]g || [012]^,. Wilson and
Partridge also showed that the morphology of the precipitate laths was consistent with the 
relative differences in lattice misfit of the three axes of the orthorhombic cell with the matrix
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stmcture, which makes coherence possible along the a-axis while the misfits are too large 
along the b-axis and the c-axis. Wilson and Partridge considered the misfit in temis of 
comparing the number of aluminium lattice planes which corresponded to one lattice spacing 
of the S precipitate and showed calculations of misfit data based on the X-ray data obtained 
by Perlitz and Westergren (1943) (Table 2,4.1). They suggested that the misfit could be 
partially relieved by precipitate growth on dislocations with a Burgers’ vector almost parallel 
to the misfit vector, and argued from considerations of misfit stress and the line tension of 
a dislocation that the compressive stiesses across the surface of the precipitate could be 
reduced by vacancy loops lying parallel to the precipitate.
Table 2.4.1 Misfit of S précipitâtes in the aluminium matrix (After Wilson and Partridge 1965).
Interplanar 
spacing Al (Â)
Interplanar 
spacing S" (Â)
Periodicity 
p  = No. o f Al planes / 
1 plane of S
Misfit % relative to Al 
6 = (nd;vi - ds)/nd;y x 100
dioo = 4.05 a = 4.00 0.99 + 1.23 (n = 1)
do2i = 0.906 b = 9.23 10.2 - 1.88 (n = 10)
doi2 = 0.906 c = 7.14 7.9 + 1.49 (n = 8)
-ve indicates tensile stress in the aluminium matrix 
# X-ray data Silcock (1961)
2.4.4 Stress strain response
The fatigue properties of aluminium alloys can usefully be categorized according to 
whether the microstructure contains shearable or non-shearable precipitates (Calabrese and 
Laird 1974a-b, Stoltz and Pelloux 1976). The concept of shearability (or otherwise) is clearly 
an average property for a range of precipitate sizes and is presumably dependent on the 
magnitude of the shear stress and the type of deformation, i.e. single or multiple slip. 
Calabrese and Laird (1974a-b) investigated three different precipitate structures obtained by 
pre-straining and thermal ageing treatments of an Al - 3.8 wt% Cu alloy. One alloy contained 
shearable 0”  precipitates (1974a), the second alloy a dense distribution of fine, non-shearable 
0 ’ precipitates, and the third alloy a less dense distribution of larger, non-shearable 
precipitates (1974b). The material containing shearable particles showed rapid cyclic 
hardening followed by a slow softening. It was suggested that a scrambling/dis-ordering of 
the atoms of the precipitates occurs, leading to a gradual softening after an initial period of 
dislocation hardening, rather than leading tô saturation. Both structures containing 0 ’ 
precipitates reached saturation, and no subsequent softening or hardening was observed.
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Saturation was explained in teitns of the shuttling of dislocations between the precipitates 
interacting with dislocations stored at the precipitate/matrix boundary. It will be seen later 
in this section that the reports of hardening./softening correlates well with the above 
classification of microstructures.
Shearability/non-shearability can only be determined by direct observation, i.e. TEM. 
The condition for shearability is that a precipitate is either coherent or partially coherent, so 
that dislocations can glide through it, or alternatively that (with no coherence) the elastic 
stresses in the precipitate become so large as to either cause fracture or to generate 
dislocations within a precipitate, which could cause shearing (Khireddine et al 1989). Table
2.4.2 show the type of precipitates found in a number of aluminium alloys.
Stoltz and Pelloux (1976) carried out comparative tests to study the Bauschinger effect 
(cf. section 2.2.3) in a series of alloys containing shearable and non-shearable precipitates, by 
applying room-temperature ageing and high-temperature ageing to Al-Cu, Al-Cu-Mg, 2024 
and 7075. After room-temperature ageing, these alloys contain 0 ” , GPB zones, GPB zones, 
and GP zones or r \ \  respectively, which are all shearable. (The precipitates present are 
shown in Table 2.4.2). The specimens underwent four cycles at various plastic strain 
amplitudes. In the case of the naturally aged 2024 alloy, a hardening was observed over the 
four cycles; at 8 p = 6.0x10  ^ the stress amplitude increased by 15 %, from -310 MPa to -350 
MPa, and they reported a similar hardening rate for the Al-Cu-Mg alloy. The HTA material 
reached a stable stiess amplitude after the first half-cycle. Stoltz and Pelloux carried out 
simple calculations to find the contributions of the different stress components during early 
stages of cycling. The calculations did not take into account the poly-crystallinity of the 
material, which would mean that the calculated results must in some way represent an average 
over all the grains in the crystal. The results of their calculations indicated that at the back 
stresses are virtually independent of the plastic strain, but that forest hardening becomes 
increasingly dominant at high values of plastic strain. This was supported by TEM 
observations, which showed very little dislocation activity at a plastic strain of - 2 .0 x 1 0 '^ ; only 
at plastic strains as high as 1.78x10'^ did dislocation interactions in the matrix become evident 
in TEM. It was concluded that the apparent absence of matrix dislocations at the lower strain 
was due to the close association between dislocations and precipitates. Very little difference 
was found between the Al-Cu-Mg alloy and the commercial 2024 alloy in terms of the 
Bauschinger effect, although the latter has a more complex microstructure.
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Table 2.4.2 Heat treatments, precipitates and classification (mainly after Stoltz and Pelloux 1976).
Alloy Heat treatment Aging precipitate Classificaüon
Al-Cu-Mg-T4
Al-Cu-Mg-T6
Al-Cu-Mg-T851
Soluüon 495®C/3 h, W. Q.
age 25°C > 20 d 
Solution 495®C/3 h, W. Q.
age 190°C/12 h 
Solution 495°C/3 h, W. Q. 
deform 6%, age 190°C/12 h
GPB zones
S (AljCuMg) and 
GPB zones 
Fine S (Al^CuMg) and 
GPB zones
Shearable
Non-shearable
Non-shearable
2024-T4
2024-T6 
(Al-Cu-Mg-Mn 
+ Si,Fe,Zn,Ti)
Solution 495®C/3 h, W. Q.
age 25®C > 20 d 
Solution 495^C/3 h, W. Q. 
age 190°C/12 h
GPB zones
S (AljCuMg) and 
GPB zones
Shearable
Non-shearable
Al-Cu-9”
AI-Cu-0’
Solution 545°C/30 s, W. Q.
age 160°C/5 h 
Solution 445'’C/30 s, W. Q. 
age 250°C/5 h
0 ”
0 ’ (AhCu)
Shearable
Non-shearable
Al-Zn-Mg* Solution 450°C/1.5h, W.Q. 
age 20°C/4 days 
age 135°C/4 days
Tj’ (MgZn^) Shearable
7075-T6
7075-T73 
(Al-Zn-Mg-Cu 
+ Cr,Ti,Zr)
Soluüon 465^0/3 h, W. Q.
age 12CC/24 h 
Soluüon 465®C/30 s, W. Q. 
age 121°C/24 h + 167®C/24 h
GP zones or 
n ’ (M g Z n j )
T| ( M g Z n j )
Shearable
Shearable
Non-shearable
8090-T6**
(Al-Li-Cu-Mg)
Solution SSO-^C/O.SS h, W.Q. 
age 170°C/50 h
6 ’ (AI3LO 
S (AljCuMg)
Shearable
Non-shearable
**: Hunt et al (1991)
Srivatsan and Coyne (1989) compared the fatigue properties of three different Al-Li 
alloys, viz. a commercial Al-Li-Mn alloy, an Al-Li-Cu-Mn alloy and an Al-Li-Cu-Mg-Zr 
alloy. The latter alloy was found to undergo cyclic hardening until failure for plastic strain 
values in the range 1.0x10"* - 7.5x110'^. The major factor contributing to hardening in the 
Al-Li-Mn alloy was explained in terms of dislocation interactions and dislocation-precipitate 
interactions with the shearable ô ’ precipitates. It was aigued that the dislocation-particle 
interaction with AlgMn particles compensated for the loss in ordering of the Ô’ precipitates 
being sheared during fatigue. The microstructure of the peak hardened Al-Li-Cu-Mg-Zr alloy 
consisted of S’, T^, T^  ^ and 8 ’ precipitates, and showed initial hardening followed by 
softening for most of the fatigue life. The commercial Al-Li-Cu-Mn alloy (peak aged) was
Tp Al^CuLi, Ty! Al^gCugLi;
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found to cyclically soften throughout the fatigue life. The precipitation in this alloy is rather 
complex, including 0 ’, T^, Tg, and Ô’, where the 0 ’ is thought to be more prominent than the 
other three. The softening was explained in terms of a scrambling mechanism leading to 
disordering of the ordered precipitates. Other softening mechanisms mentioned as possible 
candidates were precipitate dissolution, over-aging, particle size reduction and crack initiation 
at constituent particles and at particle/matrix 
interfaces.
Buchi (1979) shows two graphs for 
cyclic deformation of a room-temperature 
aged and a cold-worked and high- 
temperature aged 2024, unfortunately 
without including the reference to the work,
A comparison is made between the stress 
amplitudes in the first cycle and after N /2,
The graphs show that the RTA alloy 
cyclically hardens whereas the HTA 
structure cyclically softens. In terms of the 
classification by Calabrese and Laird, this 
does not seem consistent if the S precipitates
10 *
I «0
I O'* 10 * lO** 10 ' lO*
PLASTIC STRAIN AMPUTUOE
are non-shearable, since Calabrese and Laird Fig. 2.4.2 Cyclic stress-strain curves of aluminium
, , , „ , , . aUoys 2024-T3 and 2024-T8. (After Buchi, 1979)only observed softening when the
precipitates were shearable. This will be discussed in section 2.4,6.
2.4.5 Persistent slip bands
The first and only systematic investigation of persistent slip bands in different 
aluminium alloys was carried out by Forsyth and Stubbington (1954). Three types of 
extrusions were identified, viz. single-sheet extrusions (Al - 4 wt% Cu, at 20°C), block 
extrusion (Al - 10 wt% Zn, at -60°C), and double slip-band extrusion, i.e. an extfusion 
consisting of two sheets (Al - 5 wt% Mg, at 20°C). Forsyth and Stubbington found that the 
Al - 4 wt% Cu alloy failed along cracks coincident with the formation of PSBs, described as 
"extruded ribbons". PSBs, which in the case of Al - 4 wt% Cu were measured to have a 
thickness of up to - 0 . 1  pm and reaching a limiting height of - 1 0  pm, were mostly found to
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form along traces of operative slip systems, but occasionally they noted that PSBs were found 
on planes making a small angle with the operative slip system, which must mean that more 
than one slip system was active during fatigue.
2.4.6 Dislocation structures
The configuration of dislocations observed after fatigue of age-hardenable alloys 
depends strongly upon their interaction with precipitates. Calabrese and Laird (1974b) 
investigated the effect of microstructure on the fatigue properties of an Al - 4 wt% Cu alloy 
cycled in tension-compression at plastic strain amplitudes in the range Bp = 4.0x10^ - 1.0x10 
They found that only when the distance between large non-shearable 0 ’ precipitates was 
larger than ~1 pm, would a dislocation cell structure develop between the precipitates. A 
finer distribution lead mainly to dislocation-precipitate interactions, with visible dislocations 
extended between precipitates or accumulated on the faces of the 0 ’ plates. Calabrese and 
Laird (1974a) described the dislocation structure observed when the microstructure contained 
shearable 0 ” precipitates, as "a homogeneous dispersion of fragmented dislocations" and 
"deformation bands consisting of densely packed dislocations." The deformation bands were 
observed to extend across entire grains, and the contrast observed in TEM was attributed to 
local rotation of the lattice. No Burgers’ vector analysis or Schmidt factor calculations were 
carried out to further characterize the dislocation structures.
The S precipitates are generally regarded as being non-shearable. Yet Khireddine et 
al (1988), studying fatigue of an Al-Li-Cu-Mg-Zr alloy containing 6 ’ and S precipitates, show 
TEM evidence that under some circumstances S precipitates can be sheared. The fatigue was 
carried out in push pull under conditions of constant stress, a , = 350 MPa, which they 
estimated corresponded to a plastic strain amplitude of Bp = 5x10'^ The solute content of the 
alloy was quite small (1.4 wt% Cu and 1.0 wt% Mg), and the S precipitates appear to have 
been rods, although both the temis "laths" and "rods" were used. Khireddine et al proposed 
two mechanisms which would lead to shearing, one being dislocation pile-up, which would 
induce dislocation nucléation in the S precipitates, the other being local stress concentration 
causing the S precipitates to cleave. In both cases, the effect was explained to be the result 
of intense slip band formation due to the shearing of Ô’ precipitates.
A similar controversy in the literature related to PSBs in precipitation hardened Al-Zn- 
Mg alloys. It has been believed that PSBs form in the hardened matrix by shearing of T)’
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precipitates (Forsyth 1963). Laird and Thomas (1967) found that ageing inhomogeneities 
could exist in the alloy due to precipitation on dense dislocation tangles, probably associated 
with quenching. They did not, however, observe any precipitate free bands, but argued that 
the low fatigue strength could be explained by precipitate-ffee zones along grain boundaries 
which would result in intergranular cracking. In an Al - 4 % Cu, they did positively identify 
precipitate-denuded bands parallel to {111} planes. Vogel et al (1982a-b) also investigated 
the fatigue properties of an Al-Zn-Mg alloy. Using high-resolution TEM, they showed 
dislocations accumulating in inhomogeneous bands along traces of {1 1 1 } planes, and also a 
precipitate free band in the middle of a dislocation band, which they argue is produced when 
the density of dislocations in the band reaches a critical level. This causes shearing of T]’ 
precipitates which results in the formation of a PSB. They also show how a PSB situated 
ahead of a crack tip broadens as it gets closer to the crack tip, from 1 0  nm at a distance of 
150 |im  to 50 nm at a distance of 60 p.m, and ending exactly at the crack tip.
Hautefeville and Clavel (1988) fatigued a RTA 2024 alloy at constant total strain in 
the range 3.2x10'^ - 1.3x10'^ and observed dislocation segments and loops developing during 
fatigue. The dislocation loops were thought to lie on {110} planes and to be prismatic 
dislocations produced by cross-slip. The number of dislocations was observed to remain 
almost constant after only N = 4, whereas the number of dislocation loops was found to 
increase at a rate which matched the increase in the stress amplitude. It was assumed that 
hardening of the specimen during fatigue took place through a mechanism where the loops 
act as obstacles, i.e. pinning points for dislocation glide.
Vogel et al (1982a) earned out a TEM investigation of fatigue-induced deformation 
of a peak aged mono-crystalline Al-Zn-Mg alloy cycled in push-pull at plastic strain 
amplitudes in the range Cp = 0.5x10'^ - 1.25x10'^. Inhomogeneous slip in the form of 
dislocation bands was observed during the hardening stage, with no change in the r |’ 
precipitate structure. At a critical dislocation density in the dislocation bands, deformation 
bands denuded of precipitates were observed. These deformation bands were observed 
exclusively in regions there the matrix dislocation density was largest, and it was therefore 
thought that these bands were formed by dislocation cutting of precipitates.
Forsyth (1963) studied fatigue in torsion of a similar alloy (Al-Zn-Mg) and made the 
same observations of slip bands where T)’ precipitates had been sheared. In addition, Forsyth 
observed that parts of the slip bands were tilted relative to the rest of the bands, i.e. forming
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sub-grains in the slip band.
2.4.7 Crack initiation and propagation
Kung and Fine (1979) studied crack initiation and propagation in two RTA commercial 
Al-Cu-Mg alloys (2024 and 2124) which contained notches with a stress concentration factor 
equal to 2. The two alloys contained constituent particles of S (AljCuMg) and (3 (Cu2FeAl?) 
phase. Fatigue was carried out in tension-tension (R = 0) and tension-compression (R = -1), 
and surface observations were carried out by optical microscopy. For R = -1, two types of 
fatigue crack initiation were observed. For stress amplitudes above threshold values of c , = 
75 MPa and 140 MPa, cracking was associated with coarse slip bands in the grains of the 
2124 and 2024, respectively. Cracks were only formed away from the grain boundaries, but 
would eventually link up at the grain boundaries and cause failure. The other type of crack 
initiation occurred below the threshold values, and were associated with constituent particles 
and pits. About half the cracks in the 2124 alloy initiated at particles, the other half at coarse 
slip lines, whereas only 5 % of the cracks in the 2024 alloy initiated from slip lines. Crack 
initiation was observed to take place with similar frequency at constituent particles and pits. 
No critical size of particle/pit was found, but a marked increase in initiation probability (given 
only in relative terms) was found up to a size of - 6  pm, above which the probability was 
constant. At high stresses, it was found that cracks initiated after fewer cycles in the 2024 
alloy compared with the 2124 alloy. This was attributed to the difference in grain size for 
the two alloys, which was measured to be 20 pm and 45 pm for the two alloys, respectively. 
At lower stresses, the 2124 alloy was found to be more resistant, which was explained by the 
constituent particle content, which was lower by a factor of - 1 0 .
Pearson (1975) fatigued two commercial alloys (BS L65: Al-Cu-Mg-Si-Mn and DTD 
5050: Al-Zn-Mg-Cu-Cr) in reverse bending (with different R values). Cracks initiated either 
at the interface between the matrix and particles or by cracking of the particles. The 
propagating cracks were found to be roughly semicircular in shape, and the crack propagation 
of short cracks (-<  130 pm) was measured to 1.3 nm/cycle. The cracks were not associated 
with slip planes.
Finney (1970) studied the torsion fatigue of two ternary Al-Cu-Mg alloys and their 
commercial variants with three different ageing treatments and at a range of stress amplitudes. 
He found that deformation in the naturally aged state appeared exclusively as slip bands.
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Cracking initiated in shear along the slip bands, after which the specimen failed quickly. 
Peak ageing was found to restrict slip band formation, but cracking initiated and propagated 
in shear longer than the naturally aged specimens and failed by cleavage.
Nageswararao and Gerold (1976) fatigued notched single crystals of an Al-Zn-Mg 
alloy at stress amplitudes below = 60 MPa in tension-tension. It was noted that grain 
boundaries often marked the transition from Stage I to Stage 11 cracking. They observed that 
cracks remained confined to the primary slip plane (Stage 1) over a large fraction of the 
gi'owth stage. This was explained by the size and shape of the plastic zone, which was 
calculated using Weertman’s (1966) formula for the plastic zone length of a Stage 1 crack and 
which showed it to be very small. The crack tip stresses calculated from the Paris and Sih 
(1965) solution for the stresses neai" a crack tip were resolved onto the slip planes and slip 
directions, and the maximum stresses were found to coincide with the primary slip system.
In the study on the fatigue of an Al - 4 wt% Cu alloy by Calabrese and Laird (1974c), 
cracks in the material containing shearable 0 ”  precipitates initiated and propagated along slip 
bands, with stage 11 cracks also propagating transgranularly. Cracks in the alloy containing 
non-sheaiable 6 ’ precipitates initiated at grain boundaries. Stage 1 crack propagation was 
intergranular and Stage 11 cracks propagated transgranularly in a direction normal to the stress 
axis.
2.5 THE EFFECT OF SURFACE DAMAGE ON FATIGUE
2.5.1 The effect of machining and of surface topography
Murakami et al (1984) examined the effect of drilling small holes in specimens of the 
2017 aluminium alloy (Al-Cu-Mg-Mn) in a rotating-bending test. The specimen diameter was 
10 mm, and the holes had depths in the range 40 |im  - 200 |im, a depthidiameter ratio of 1:1. 
The bottom of the holes were cone-shaped with included angles in the range 90° - 120° (i.e. 
sharper than the equivalent included angle of 140.6° for the Vickers’ indentation, cf. section
3.2). The effect on the fatigue life was measured as a reduction in the stress amplitude giving 
a fatigue life of Nf > 3x10^. They found that the effect of the small holes (< 50 pm) was 
negligible. The large holes, on the other hand, caused a significant reduction in the fatigue 
perfonnance, from 157 MPa with holes of depth 40 pm, to 147 MPa and 123 MPa for holes
31
Chapter 2_______________   Background (I): Fatigue
with depths and diameters of 100 and 200 pm, respectively. The critical length for a hole to 
cause a crack to propagate appeared to be well defined by a sharp cut-off point on the plot 
of the hole depth versus number of cycles to failure. This is surprising in view of the lack 
of a well defined fatigue limit.
Murakami and Endo (1980) carried out the same set of experiments of the fatigue of 
specimens containing drilled holes in one low and one medium carbon steel. The specimens 
were stress relieved by annealing prior to the drilling of holes. In this case it was found that 
cracks developed near the surface. The same over-all conclusion was reached as was later 
found in the case of the 2017 aluminium alloy, that there was a critical size hole below which 
crack would stop propagating. Murakami and Endo found that holes with a diameter < 100  
pm did not adversely affect the fatigue performance of the specimen, and that this size 
corresponded to the largest non-propagating cracks they observed in the material.
Cardwell and Wilson (1989) studied the effect of small holes on the fatigue 
performance of a 2024 aluminium alloy which were caused by corrosion pitting in a salt fog 
atmosphere. In agreement with the results of Murakami et al, a significant reduction in 
fatigue life was found for pits approximately 1 0 0  pm deep, but not for more shallow pits.
There are two main considerations relating to the effect of surface damage on fatigue; 
roughness (Wiesner et al 1991, Wareing and Vaughan 1979), and sub-surface damage (Jeelani 
and Musial 1984). Wiesner et al (1991) investigated the effect of machining (turning) on the 
fatigue life of a precipitation hardened 7075 alloy. The turning was carried out on cylindrical 
specimens which were subsequently annealed and heat treated, followed by fatigue in rotation 
bending at a stress amplitude of 220 MPa. The surface topography was characterized using 
three parameters, viz. the height distribution parameter (given by the normalized rms value 
of the surface heights measured from the roughness trace), a wave-length sensitive parameter 
<l> (a weighted average of the Fourier coefficients describing the roughness trace), and a 
parameter which relates the real profile length to the evaluation length, p = The
correlation of Rq with the Nf was shown to give poor correlation. This was attributed to the 
fact that Rq is independent of the horizontal spacing of peaks and valleys in the profile, and 
could therefore not adequately describe the characteristics of the surface giving rise to the 
stress concentration which would lead to failure. Two alternative relationships were proposed 
between a parameter describing 50 % probability of failure and the ratios R q /< />  and p. 
These coirelations appeared to be quite good, and were found to fit power law dependencies.
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The 50 % damage probability was approximately proportional to p °^ and R^<1>. 
Interestingly, the parameter p does not contain information about the radii of curvature of the 
roots of the grooves, and it would be assumed that this might influence the fatigue lives a 
great deal. However, it is not entirely obvious how good the correlation is in general, because 
if the spread in the cycles to failure is considered (presented in Fig. 5 of their paper), the 
parameter describing the 50% probability of fracture would appear to be sensitive to extremes 
in the distribution of fatigue lives, and their good correlation may be partly fortuitous. A 
comparison of the fatigue life with a polished specimen was not made.
Jeelani and Musial (1984) carried out fatigue experiments in bending at a maximum 
stress of 413 MPa on a turned 2024-T351 aluminium alloy. The fatigue life was measured 
as a function of cutting speed of the rake using a range of different rake angles. Direct 
comparison with the results obtained by Wiesner et al is not possible; the former does not 
specify the cutting speed they applied, and the latter do not specify which roughness 
parameter value they used, which is essential as they were investigating the effect of 
roughness/residual surface stresses on fatigue life. Interestingly though, if their "surface 
roughness" values are plotted against cycles to failure, there is a good correlation, in contrast 
to what was found by Wiesner et al. It was not stated what kind of mean value for the 
fatigue lives was used. The interesting conclusion of their paper, however, is that the highest 
cutting speeds (producing "roughness" values of around 1 jim) lengthened the fatigue life of 
the components rather than shortened it. They suggest that this can only be explained by the 
presence of a compressive surface layer, but unfortunately, no estimates for the magnitude of 
these stresses are given.
rWareing and Vaughan (1979) studied the fatigue performance of stainless steel as a 
function of differences in the surface finish, among them turned surfaces with similar 
roughness values as reported in the papers by Wiesner at al (1991) and Jeelani and Musial 
(1984) for the aluminium alloys. The fatigue was carried out in push-pull at constant plastic 
strain in the range ep = 5x10 '’ - 5x10'^. Most of the fatigue life was found to be spent in 
crack initiation and propagation. Crack initiation on the electro-polished surfaces was 
scattered around the specimen circumference at discrete sites. For both types of machined 
surfaces, cracking appeared at the same stage of fatigue as the electro-polished specimen, but 
initiated at the roots of machining marks, which resulted in a continuous crack front all 
around the circumference and the propagation of one single crack leading to failure. They
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do not give any explicit roughness values but show a trace with groove depths of 1.5 - 3 |im, 
which would give a value of Rq of the same order. This level of roughness is slightly higher 
than that which caused an improvement in the fatigue life of the 2024 aluminium alloy tested 
by Jeelani and Musial (1984), but rather than resulting in a fatigue life comparable with that 
of a smooth specimen, it was found that the fatigue life was reduced by a factor of four.
Fluck (1951) studied the effect of different surface preparations on the fatigue life of 
two steels (SAE 1035 and SAE 3130). The surface preparation techniques ranged from the 
as-lathe-formed to ground and polished, with Rq ranging from -2.7 |J.m to 0.05 jim. It was 
found that the most significant increase in fatigue life was obtained for Rq < 2.4 jim, which 
was achieved by hand-polishing and ground-and-polished specimens in the case of SAE 3130 
steel and ground-and-polished specimens in the case of SAE 1035 steel.
2.5.2 Environmental effects
Buchi (1979) has summarized the susceptibility of vaiious aluminium alloys to 
environmental effects during fatigue. The reduction of fatigue life during fatigue in an 
aggressive environment is particularly marked at low levels of stress and long exposures. The 
naturally aged 2XXX and 7XXX alloys are particularly susceptible to corrosion attack. Buchi 
presents figures indicating that the applied stress amplitude to give a fatigue life of 1 0  ^cycles 
at R = 0 for naturally aged 2024 is reduced by a factor of four for tests carried out in salt 
water relative to tests carried out in air. It is possible to compensate for this to a degree by 
artificial ageing (as this prevents the material from developing coarse slip markings), but at 
the cost of reducing the resistance to crack propagation.
Voris and Jahn (1990) investigated the fatigue properties of a 2024-T351 (cf. Table
2.2) alloy in humid and dry air. The fatigue was carried out in reverse bending in an 
environmentally controlled chamber at levels of humidity < 45% and > 95%. It was found 
that the effect of humidity depended on the time of exposure to the humid atmosphere. At 
high stresses (359 MPa), resulting in a short fatigue life and also short exposure, the fatigue 
life was not affected. At the lowest stress level (248 MPa), a reduction in fatigue life of -20  
% was measured. The damage mechanism was described as electiochemically induced pitting 
and hydrogen softening influencing the crack initiation. The differences between high and 
low stress levels were confirmed by SEM observations of the fracture surfaces.
Lin and Starke (1979) investigated the effect of copper content on the fatigue
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properties of four strained and artificially aged Al-Zn-Mg-Cu alloys. Specimens were cycled 
in push-pull at constant plastic strain in environments of dry air, distilled water and 3.5 % 
NaCl. Increasing copper content was found to decrease the sensitivity to the environment at 
all stress levels. This was thought to be due to a corresponding increase in uniformity of slip, 
avoiding coarse slip steps which intensify metal-environment interactions. The effect of water 
was explained in terms of hydrogen embrittlement, which together with an adsorption process 
was also thought to be the detrimental effect during fatigue in NaCl.
2.5.3 The effect of indentation
Recently, Vickers’ indentation has been used as a controlled means of introducing 
surface damage in order to assess its effect on the fatigue performance of pure aluminium 
(Appleby 1988) and pure copper (Charsley et al 1981, White 1984, Charsley and White 
1987).
Charsley and White (1985) indented single crystal Cu, and subjected them to fatigue 
in reverse bending. Low total strain amplitudes were used (in the range 8 i -  2x1 O '* - 9x10'*). 
Optical examination showed that PSBs nucleated at a distance a < r < 2a from the indentation 
centre, where a is the length of the half diagonal of the indentation. No PSBs were found to 
nucleate further away from the indentations, which means they were all initiated within the 
region of plastic defomiation generated by the indentation. Furthermore, the formation of 
PSBs was found to be reproducible for a given orientation. Two different types of PSB were 
observed. Some PSBs formed macro-bands which grew in width, but where the length of 
individual bands did not exceed 2a/3. Other PSBs propagated continually throughout the 
fatigue life of the specimen, and although strongly dependent on crystal orientation, lengths 
up to -1 .4  mm were measured. The long PSBs were also found to propagate much deeper 
into the specimen compared to the short PSBs. Because of the specimen geometry and testing 
technique, cracking resulting from enhanced PSB formation near indentations could not be 
observed. Different treatments were tried in order to isolate the features responsible for the 
preferential PSB formation near the indentations, including electro-polishing and annealing, 
both separately and in combination. Electro-polishing resulted in only insignificant changes 
in the PSB development. Complete removal of the indentation pit by electro-polishing 
resulted in shorter PSBs and nucléation after a higher number of cycles. Modelling was 
undertaken in order to correlate observations of enhanced PSB formation with theoretical
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calculations of residual stresses and the stress enhancement given rise to by the shape of the 
indentation pit. Most successful was the application of Dyers (1965) indentation model, 
which was extended to different crystal orientations. This model predicted enhanced slip 
which reflected the observed asymmetry of slip, which was not accounted for by the other 
indentation models investigated, viz. the Hill (1950), the Swain and Hagan model (1976) and 
the Perrott model (1977). It was concluded that the enhanced PSB formation near the 
indentation was mainly a result of the crystallography of plastic deformation produced by the 
indentation. The stress enhancing effects of the indentation were thought to be less important.
Appleby (1988) studied the effect of indentation on fatigue in aluminium single 
crystals and poly-crystal, applying the same experimental technique as White (1984). Total 
strain amplitudes in the range ~ 4x10 '* - 1.9x10'^ were used. The effect of indentation on 
fatigue was much less marked than the results on pure copper by White (1984). Surface 
studies by optical microscopy and SEM showed that PSBs sometimes nucleated at a distance 
r  -  2 a from the centre of the indentation, but no reproducible pattern of nucléation and 
propagation of PSBs close to the indentation for given orientations was found. PSBs rarely 
penetrated the indentation - even after extensive fatigue. No bands of PSBs were found. 
TEM showed that the indentation produced a stable cell stmcture, which was thought to 
harden the region around the indentation and screen it from propagating PSBs at small strain 
amplitudes. Because of the testing technique, no failure resulting from indentation was 
observed.
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3.1 Introduction
The response of solids to indentation can provide information about a variety of 
material parameters such as hardness (Brinell 1900, Meyer 1908), fracture toughness (Chiang 
et al. 1982, Lawn and Wilshaw 1975, Lawn and Swain 1975), wear (Evans 1979) and 
machining damage (Marshall et al. 1980). Recent investigations into the effect of indentation 
damage have mostly been concerned with the associated plastic/elastic indentation stress/strain 
field and indentation induced cracking in brittle materials like PMMA (e.g. Puttick 1978) and 
in glasses and ceramics (e.g. Chiang et al. 1982).
In this chapter background material for indentation is reviewed, firstly in terms of its 
use as a non-destructive test for hardness. The indentation mechanism is then discussed, 
firstly relating to observation of indentation damage, secondly in temis of models for the 
indentation process and the associated stress fields generated.
3.2 The indentation hardness test
The first standardized indentation-hardness test was proposed by J A Brinell in 1900. 
The Brinell hardness test consists in indenting a material with a steel ball of a fixed diameter 
(10 mm) under a fixed load for a standard time. The hardness is then given as the applied 
load divided by the surface area of the impression, Meyer (1908) suggested using the 
projected area rather than the surface area of the impression, which then associates the 
hardness with the mean indentation pressure.
The Vickers hardness test uses a square diamond pyramid with included angles 
between opposite faces of 136°, which approximates the most desirable ratio of indentation 
diameter (d) to ball diameter (D), d/D = 0.375, in the Brinell hardness test. The Vickers 
hardness number (VHN) is given as the load divided by the surface area of the indentation:
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^ 2  f  sm (g/2) ^ 1-854 P  (3.2.1)
where P is the applied load (kg), L is the average length of diagonals (mm), and ç is the 
included angle between opposite sides of the indenter of 136°. The loads are normally in the 
range 1 -1 2 0  kg, but increasing interest is taken in micro-indentation tests (5 - 1000 g) and 
computer-controlled nano-indentation tests. The latter has become a powerful tool to study 
the complete indentation cycle, including the elastic response, as well as making it possible 
to investigate the properties of thin films and micro-electronic materials.
3.3 Observations of indentation damage in metals
Indentations have been extensively studied in the optical microscope in relation to 
measurements of hardness, but also for observations of material pile-up and of slip lines 
around the indentation.
Dyer (1965) carried out a very detailed investigation on the extent and geometry of 
plastic deformation in [001] oriented Cu single-crystals. The indentations were produced by 
a 6.35 mm diameter sapphire ball, producing indentations of -0 .4  mm diameter at 1 kg loads. 
Dyer found, confirming earlier investigations e.g. on Al (O’Neill 1923) that the shape of the 
indentation, as observed optically, was distorted due to the anisotropy of material 
displacement on the [001] surface. Pile-up was observed at the <110> azimuths, and slight 
depressions at the < 1 0 0 > azimuths, making the spherical indentation appear as a rounded 
square, with the rounded corners representing the regions of pile-up. Prior to etching, slip 
was observed in the form of slip steps on the surface aligned along < 1 1 0 > directions on the 
[001] surface. By etching, a high concentration of dislocations was found forming three­
pronged forks pointing radially away from the indentation. These were associated with 
material pile-up; two prongs were found to bound each hill, while the third was located at the 
crest of each hill. In other words, a high dislocation density was found where there was a 
significant change in the surface gradient around the indentation. Sub-surface deformation 
was observed by either successive polishing of the indented surface or cross-sectioning until 
a 3D picture of the dislocation distribution had been obtained. The distribution was found 
to be highly symmetrical, which is not surprising in view of the crystal orientation. Cross- 
sectioning showed that the dislocation distribution was not in fact hemispherical, but tended
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toward a spherical shape. The density of dislocations decreased more rapidly away from the 
indentation near the surface than into the bulk of the material.
White (1984) studied the formation of slip around 1 kg Vickers indentations in single­
crystals of copper of three different orientations, and found that the extent of surface slip was 
around three times the half diagonal of the indentations, and generally, a much lesser degree 
of symmetry was found than in Dyer’s [001] orientated copper crystals. White also observed 
a distortion of the pyramidal indentations; the square base was found to bow in in some 
places and out in other places. White described the shapes of the indentations as mostly 
"pincushion" shaped, which indicates a sinking-in effect around the flat sides of the 
indentation. This effect has been discussed by Crowe and Hinsley (1946), and is found to 
occur in annealed metals. The "barrel" shape is found in work-hardened metals, and 
corresponds to material piling up around the indentation. In the case of indentations made 
in single crystals, or in poly-crystals with a grain size larger than the indent, the shape of the 
impression depends on both the state of the crystal and on its orientation.
Appleby (1988) indented aluminium poly-crystals with a Vickers indenter and studied 
the associated damage both optically and in the transmission electron microscope. Slip lines 
very similar to those found in indented copper were observed, and the regions of slip 
extended to approximately the same distance from the impression, TEM revealed a cell 
structure close to the indentation and only loose tangles of dislocations further away, but no
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F ig . 3.3.1 Experim ental contours o f  plastic strain produced by (a) a ball indenter (a/R =0.51), 
and (b) a V ickers indenter. (After Sam uels and M ulheam , 1957)
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other definite structure was seen which corresponds to the more well-defined structures seen 
after unidirectional fatigue, e.g. walls and labyrinth stiuctures. Underneath the actual 
impression, only dense tangles of dislocations could be seen of several different Burgers’ 
vectors, and the only definite dislocation structure observed was the cell structure, which 
appears after heavy deformation.
Samuels and Mulhearn (1956) and Mulheam (1959) observed that the subsurface 
displacements produced by any blunt indenter (cone, sphere or pyramid) are approximately 
radial from the point of first contact, with roughly hemispherical contours of equal strain, 
Johnson (1985) presents experimental data (Fig. 3.3,1) which show that the plastic strain 
produced by ball indentations and Vickers indentations are both roughly hemispherical, 
although the strains fall off more slowly around the Vickers indentation, reaching 1% plastic 
strain at r = 2a. The plastic/elastic "boundary" is located roughly at c = 3a in the surface but 
roughly at 3.3a directly underneath the indentation. In the present work, the "plastic/elastic 
boundary" is taken to mean the distance to which indentation induced slip lines are observed.
3.4 Elastic contact
At the point of contact the material suffers an elastic response to the advancing 
indenter, which in the case of stresses due to a pointed indenter with an infinitely small tip 
radius, is given by the solution of Boussinesq (1885), and assume the form:
o. ■ =
where Oy are the components of the stress tensor, P is the load, r is the distance from the 
point of contact, D is Poisson’s ratio and 9 is the angle between r  and the negative surface 
normal. The full expression is given in appendix A. At the surface (0=90°), the expressions 
for the radial stress and the hoop stress are given by ( in spherical coordinates):
Oj. = -  ^ - 2 \ ) , Og = = 0 ,  r > 0  (3.4.2)
Hertz extended the theory of elastic contact to include spherical indenters on flat
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surfaces, and his solutions of the resulting stress fields, where explicit expressions only exist 
for the surface, are given by:
Or = -  \ l  - 2 v), Oq = = 0 ,  r ^ a  (3.4.3)
271 r
where a is the contact radius and p  ^is the mean contact pressure at peak loading. If P in Eq.
3.4.2 is set equal to the mean pressure multiplied by the projected area of contact (P = Ttpqa^ ), 
then the two sets of equations are seen to be identical away from the indentation at the free 
surface. The shear stress under a spherical indenter has a maximum of 0.46po at a depth of 
0.5a below the surface of contact.
3.5 Plastic/elastic indentation
When the yield point is first exceeded under a blunt indenter, the zone of plastic 
deformation is small and fully contained by elastic material, giving elastic and plastic strains 
of equal magnitude. The plastic zone then breaks out to the free surface, and the displaced 
material is free to escape by plastic flow to the sides of the indentation (Johnson 1985). It 
is expected that this occurs at an indentation pressure of approximately 3 Gy, depending on the 
shape of the indenter, where Gy is the yield stress of the material, and on the elastic properties 
of the material. The shape of the defonned zone is not known a priori, but attempts to 
describe details of the plastic/elastic deformation have been made.
Hardy et al (1971) used a finite a element technique to model the deformation due to 
a spherical indentation and plotted contours of the pressure distiibution and the plastic zone. 
It was shown that the plastic/elastic boundary roughly follows the contours of 1%, the second 
stress invariant which defines the von Mises shear yield criterion, which is given by:
where G; are the principal stresses in a state of complex stress. The expression given by Eq. 
3.5.1 can be explained as follows (Dieter 1988): The yield of metals is considered to be 
independent of the hydrostatic stress component (g  ^ = Vsg^,) of the total stress. The stress 
component of interest is therefore the deviatoric stress component (see Eq. 3.6.8). The
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Fig. 3.5.1 (a) Geom etry o f  indentation deform ation,
(b) Coordinates used.
invariants of the deviator stress tensor are given by the third order equation 
( a ’)^  - - JjO’ - J3 = 0 , where J2 is given by the first equality of equation 3.5.1. Von
Mises (1913) proposed that yielding would occur when the second stress invariant reached 
a critical value, i.e. j;  = The constant k is related to uniaxial tension, where it is given 
by (a, = Go, = 03  = 0) Go = V3 k . If Go is set equal to the yield strength, Gy, the second
equality of Eq. 3.5.1 is arrived at. The geometry of the deformation around an indentation, 
which is normally approximated to have hemispherical symmetry, is shown in Fig. 3.5.1.
Giannopolous et al. (1994) studied Vickers indentations in HT A 7075 (Al-Zn-Mg-Cu) 
and 6061 (Al-Mg-Si-Cu) alloys. They found that, with the existence of a well defined 
ultimate stress (g„), the plastic/elastic boundary was located, within 5%, according to:
c :  = (3.5.2)
where P is the indentation peak load and Gy is the yield strength. Indentation loads of 20 kg 
were used in order to produce an impressions which were much larger than the size of 
individual grains.
Ghosal and Biswas (1993) studied elastic surface strains resulting from conical 
indentations in pure copper. Their measurements indicated a change in residual strain going
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from compressive during the loading half cycle to even more compressive after full unloading. 
The plastic/elastic boundary was found to extend to approximately four times the indentation 
half diagonal, in accordance with
—  co ta  = 6(1 -  v )(c /a )^  -  4(1 -  2v ) (3.5.3)
where a  is the half-apical angle of the conical indenter and E is Young’s modulus. The 
expression is derived from the H ill’s (Hill 1950) prediction of the radial displacement of the 
material surrounding a pressurized cavity, and assuming conservation of the core volume 
around a cone (Johnson 1970). The location of the plastic/elastic boundary in this model is 
in other words independent of the indentation pressure. For pure copper, the expression 
yielded c = 4.03a. Johnson (1970) has argued that the plastic/elastic boundary for Vickers 
indentations may be calculated from the solution for a cone-shaped indentation if a  is 
replaced with an angle a ’ needed to displace an equal volume for the same depth of 
penetration as for the cone indentation. This gives a ’ = tan ' (2/Vji tan 68°) = 70.3°. For 
comparison, this would, in the case of copper, give a slightly smaller value for the 
elastic/plastic boundary of c = 3.44 a.
3,6 Analytical models of plastic/elastic indentation-induced stress fields
The material sunounding the indentation will consist of a plastically deformed region 
close to the indentation, surrounded by elastic deformation. (In the case of metals, no well 
defined boundary would be expected, and secondly, the models do only apply to homogenous 
materials, which would be reasonable for metals in the limit of grains much smaller than the 
indentation.) The stresses in the elastic zone are modelled by the a point (or spherical) 
contact, where the stiess components at the surface (in radial/spherical coordinates) are given 
by:
o f    —  . r ^ c  (3.6.1)r 2  J.2
Assuming plane stress the expressions for the stresses in the plastically defomied zone at peak 
load can be derived in the following way (Taylor 1947): The material is assumed to yield 
in accordance with either the maximum shear stress criterion or the von Mises criterion. The
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former is mathematically simpler and is given by (no strain hardening);
o . -  O- = Y  (3.6.2)<p '
The equilibrium condition in two dimensions is given by:
^  = 0 (3.6.3)dr r
Inserting Eqs. 3.6.1 and 3.6.2 into Eq 3.6.3 gives:
dr PÎ XT r dr a < r < c (3.6.4)
and, taking into account that the radial stresses must be continuous across the plastic/elastic 
boundary, the stresses become:
o ^ ' = - r ( l n - + - )  o?' = - y ( l n - a < r < c  (3.6.5)r 2 * r 2
with the stresses outside the plastically deformed region given as:
r ^ c  (3.6.6)
2 r^  * 2 r^
Alternatively, if the von Mises criterion is assumed to apply at the plastic/elastic boundary, 
the stress components should be multiplied by a factor of 2/V3.
Four different models were compared to see if one or more would match the 
experimental observations presented in chapters. 6-7, of which four provide predictions for 
the stress distribution in the plastic/elastic zone outside the contact area. These were the 
models due to Hill (1950), Johnson’s adaptation of Hill’s solution (Johnson 1970), Swain’s 
and Hagan’s model (Swain and Hagan 1976) and Perrott’s model (Perrott 1977). The stresses 
predicted by these models are presented in Figs. 3.6.1-5, and are given both as the orthogonal 
spherical components and as the Mises effective stress and the hydrostatic stress. The Mises 
effective stress and the hydrostatic stress define an alternative fomiulation of the total state 
of stress to the normal decomposition into the principal stress components. The Mises 
effective stress is given by:
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(3.6.7)
where
Hj ^kk (3.6.8)
is the deviatoric stress, which is equal to the total stress (ajj) minus the hydrostatic stress. 
Hill (1950) calculated the stresses and strains in an expanding shell, which, if  the outer 
diameter of the shell is taken to be infinitely large, is known as the spherical cavity solution. 
The state of stress is described by a hydrostatic tension (Og, Og, Og) superposed on a uniaxial 
compressive stress (Og - 0, 0), The yield criterion in this case is the same for the Mises
and to the Tresca (maximum shear stress) criteria. No work-hardening is assumed, so as the 
pressure increases, the plastic region expands radially into the surrounding material. The 
loading stresses are shown in Fig. 3.6.1(a) as a function of the distance from the edge of the 
cavity (r/a -  1). Upon relaxation (Fig. 3.6.1(b)), the elastic stresses are subtracted from the 
total stresses, giving rise to residual stresses. The radial stresses are negative, but smaller in 
magnitude than the radial loading stresses, and falls o f to zero at the cavity boundary. The 
hoop stresses remain tensile, but are also reduced in magnitude.
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Fig. 3.6.1 (a) Peak stresses and (b) residual stresses around a spherical cavity.
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Based on the observations made by Samuels and Mulhearn (1956) and Mulhearn 
(1959), Johnson (1985) used the spherical cavity solution to model the deformation around 
an indentation. In the modified model, the cavity was replaced by an incompressible core 
under hydrostatic stress with a radius equal to the contact radius of the indenter. Outside the 
core it was assumed that the stresses and displacements had radial symmetry and were the 
same as in an infinite elastic perfectly-plastic body which contains a cavity with a pressure 
equal to the hydrostatic stress in the incompressible core. The effect of the free surface was 
included by simply setting Gq = 0 at the surface ( 0 = 90°). Fig. 3.6.2 shows the peak and 
residual stresses predicted by this model. Because the compressive radial stress is no longer 
balanced by two hoop stresses, the yield criterion is no longer satisfied in the plastic zone, 
and the Mises effective stress increases rapidly as r approaches the core. Also, the region of 
pure hydrostatic stress predicted by the Hill model is removed. The residual radial stress is 
seen to seen to be compressive and larger in magnitude than the peak radial stresses.
Perrott (1977) constructed a model based on observation of cracking of brittle 
materials. The predicted stresses are shown in Fig. 3.6.3, and the model is seen to produce 
stresses of comparable magnitude, but of opposite sign compared to the Hill model. The 
stresses are all tensile in the plastic zone, in which the von Mises yield criterion has been 
assumed. The model also exhibits a region of pure hydrostatic stresses in the plastic zone. 
The main short-coming of the model appears to be that surface radial stresses are tensile
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Fig. 3.6.3 (a) Peak stresses and (b) residual stresses predicted by Perrott’s indentation model
rather than compressive, and that rather large normal stresses (cfg) are predicted very close to 
the free surface. However, the model does cope with the reduction in close to the core.
Swain and Hagan (1976) followed a suggestion by Puttick (1977), who argued that the 
stresses underneath an indentation must approach the stress distribution due an expanding 
cavity, but approach the stress distribution of an expanding hole in the surface outside the 
contact area. Fig. 3.6.4 shows the stresses predicted by this model. The residual stresses
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47
Chapter 3 Background (II): Indentation
were modeled in the same way as in the model by Johnson, i.e. by subtracting Hertzian 
stresses (Eq. 3.3.3) from the stresses generated at peak load. However, Swain and Hagan 
found that this procedure overestimated the hoop stress, and in their model they replaced (p^ - 
Po), which is the instantaneous indentation pressure subtracted from the peak pressure, with 
Po, which at full un-loading results in identical residual stresses and peak sties ses. It is seen 
in Fig. 3.6.4 that the residual stresses at full un-loading predicted by this model are smaller 
in magnitude than the stresses predicted by Johnson’s model, but that the same problems arise 
for small r.
3.7 Other indentation models
Yoffe (1982) designed a model for indentation deformation where it is assumed that 
most of the plastic deformation does not brake free to the free surface but is confined to the 
region immediately beneath the contact area. The model is a superposition of the elastic 
Boussinesq stiess field and the so-called blisteifield model, which is a "blister" on a free 
surface with both outward and inward forces acting in the surface plane, which leaves the 
surface free of normal stiesses. Because of the confined plasticity, the model would not seem 
appropriate for modelling deformation in metals, where the defoimation spreads out to a large 
region around the impression. Ghosal and Biswas (1993) measured the elastic radial strains 
in cone-indented copper, and compared various indentation models with a modified version 
of Yoffe’s model, and using different methods to calculate the blister strength. They achieved 
good correlation between measurements and calculations by ignoring the region close to the 
contact area, where the material defoims plastically and Yoffe’s model does not apply, and 
confined their strain measurements to the elastic region, assuming the von Mises yield 
criterion to be satisfied at the plastic/elastic boundary. Their measurements showed that the 
residual radial strain was compressive and approximately 1 2 % higher than the radial strain 
at peak load. The main difference between the predictions of this and the model of Swain 
and Hagan is that the residual stresses predicted by the blister field decrease as r  ^  rather than 
r^ (cf. App. A).
Chian g et al. (1982) studied hemispherical plastic/elastic indentation and applied a 
combination of analytical and numerical analyses to describe the deformation, even close to 
the contact site. The primary aim was to calculate tensile hoop stresses responsible for
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initiating radial cracks in brittle materials. Their method of solution was to apply the 
spherical cavity solution and account for the free surface by integrating M indlin’s point force 
solution (Mindlin 1936) across the surface and thereby cancel out all normal stresses at the 
free surface. Work hardening was not taken into account. Although simple in principle, the 
rather complex method of solution was not copied in the present work.
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4.1 Materials and design of fatigue specimens
The aluminium alloy used for the tests was manufactured by the Materials and 
Structures Department at DRA Farnborough in the form of a 20 mm thick cold-rolled plate 
approximately 500 mm long and 200 mm wide and had the composition: Al - 2.5wt% Cu - 
1.2wt% Mg (determined by DRA Farnborough). From the plate, bars of approximately 
20mm X 20mm x 150mm were cut longitudinally, from which the fatigue specimens were 
machined. A two-stage milling procedure was used to achieve the square cross-section of the 
gauge section, with a finer tool used for the final milling where approximately 2  mm was 
removed. The final shape of the specimens is seen in figure 4.1.1.
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F ig. 4.1.1 Fatigue specim en dim ensions (actual size), and schem atic diagram o f  clam ping  
arrangement used during fatigue.
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4.2 Heat treatment and ageing
The specimens were annealed at 530°C in a front-loading furnace followed by 
quenching in cold water (-10  - 15°C). The temperature in the furnace was monitored with 
a nickel-chromium/nickel-aluminium thermocouple. The furnace would take typically 1/2 
hour to reach the annealing temperature. After a temperature overshoot peaking at ~550°C 
and lasting approximately 1 0 -1 5  minutes, it would settle at the desired temperature where 
it was left for 1 hour. The grain size following the heat treatment varied typically from -100 
fim to -400 |im , but with some grains as large as -3  mm, which were particularly useful for 
indentation. Several indentations could be accommodated per grain; in some cases up to three 
or four. High temperature ageing to peak hardness was carried out in a vacuum furnace for 
16 hours at 190°C. The vacuum was maintained below 10’^  mbar throughout the ageing 
process. The temperature was continually monitored by a copper-constantan thermocouple 
that was attached to the specimens and connected to a voltmeter. The age hardening curves 
for the alloy at room temperature and at 190°C (Wilson 1969) are given in Fig. 4.2.1.
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Fig. 4.2.1 Age hardening curves for the alloy at room temperature and at 190°C after solution
treatment for 1 hour al 530°C and quenching into cold water.
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4.3 Grinding and polishing
(a) Mechanical grinding and polishing
Mechanical grinding of the gauge section was done by hand, starting with silicon 
carbide paper with grit sizes of 220, 320, 500 and 1,000, followed by 12 |im and 3 p.m 
aluminium oxide lapping papers. Mechanical polish was achieved by mounting a flat ring 
with an outer diameter of 132 mm and a rim width equal to the specimen gauge length on 
a polishing wheel, producing an elevated polishing stage. A piece of micro-cloth was cut to 
shape and stuck down on the ring, giving a polishing surface which matched the gauge length 
of the specimen. The polishing agent was a 3 |im followed by 1 |im Hypres diamond spray 
with water as lubricant. The specimen was turned from one side to the next on the rotating 
wheel until a mirror finish was obtained on all four sides.
(b) Electro-chemical polishing
Electro-chemical polishing was done in a bath of 30% nitric acid in methanol. A 
stainless steel beaker, acting as the cathode, was placed on a magnetic stirrer to maintain a 
steady flow around the specimen and ensure even polishing action. The bath was cooled to - 
20°C by adding liquid nitrogen directly into the bath. Most of the specimen surface was 
covered in Lacomit, with only the gauge section being exposed to the acid solution. One end 
was connected to the power supply, acting as the anode of the polishing circuit. A potential 
of 20 V was used, giving a current of 2-3 A and a current density of approximately 5 A/in.^.
4.4 Surface damage
Surface damage was introduced in the form of indentations, using an Akashi Vickers 
micro hardness tester. The specimens were clamped in a holder and the surface to be 
indented made horizontal by moving the specimen under an optical microscope while 
maintaining focus. Loads of 500 g and 1,000 g were applied, producing indentations 
approximately 14 p.m and 20 |im deep, respectively.
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4.5 Cyclic deformation
The fatigue testing was done on a Mand 25 kN Universal Testing Machine. The tests 
were all carried out at room temperature at constant plastic strain and at zero mean strain (R 
= -1). The system for controlling the plastic extension has been described by Wilson and 
Robinson (1977).
The sti'ain amplitude was recorded with a clip-on type MTS 632.13B-21 extensometer. 
The alignment of the grips was checked with a closely fitted steel cylinder, and the specimens 
were mounted while the machine was in constant load mode. This was done to avoid any 
prestrain of the specimens prior to cycling. The output from the extensometer was then 
balanced to zero, and the machine was set to the required mode of control.
The strain amplitudes were calculated from the mean of the tensile and compressive 
half cycles, ignoring any asymmetries in the deformation response.
The stress and total strain amplitudes were read to an x-y recorder and an x-t recorder.
4.6 Thin foil preparation
Foils from the fatigue specimens were cut both perpendicular and parallel to the 
direction of stress and the parallel sections were taken both from the core and from the 
surfaces of the gauge section. This was done using a Metals Research cutting machine with 
a thin diamond wheel, producing sections of 1 - 2  mm thickness. Discs of 3 mm diameter 
were produced by spark erosion in a Materials Science Spark Erosion Unit Mk2 fitted with 
a copper tube with an inner diameter of 3 mm. De-ionized water, used as the dielectric, was 
fed through the copper tube via a plastic hose connected to a pump and back to the tank the 
specimen was immersed in. The spark-cut discs were mounted on an aluminium block and 
mechanically ground and polished using the same procedure as outlined in section 4.3.1, but 
starting with emery paper of grit size 1,000. By the end of the grinding and polishing, the 
thickness of the foils was -100  p.m. The foils were finally thinned to electron transparency 
by je t thinning in a Tenupol Tenim 2, using the same solution and temperature as described 
in section 4.3.2. Where surface regions were of interest, the foils were back-thinned by 
covering the surface with Lacomit and applying a potential from the exposed side only. This 
procedure often resulted in an oxide film on the side of the thin foil that had been covered 
by the lacomit. In order to overcome this, the thin foils were further thinned in a Gatan ion
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beam miller for 15 mins., applying a voltage of 2.5 kV and a current of 0.75 mA on the 
original side and 0.25 mA on the back thinned side. This would remove most of the oxide. 
Prolonged thinning left visible traces on the foil.
4.7 Microscopy
Optical microscopy was carried out on a Zeiss Axio-phot microscope fitted with 
differential interference contrast (DIG) lenses producing zero-order Nomarski contrast. This 
causes topographical features of the studied surface to stand out, particularly slip lines and 
displaced material around the indentations.
To facilitate the interpretation of Nomarski images, details of the pile-up around a few 
indentations were scanned in 3D in a Zeiss Laser Scan Microscope and directly compared 
with Nomarski images of the same indents.
Studies of crack details in and around indentations were done on a Philips 250S 
scanning electron microscope
TEM observations of thin foils was carried out in a JEOL 2000FX operated at 200 kV.
4.8 Calculation of grain orientations
In order to determine the orientation of a cubic crystal lattice, use has been made of 
the directions of the traces produced by slip on the octahedral planes. The calculations were 
earned out using the tables published by Drazin and Otte (1965). The tables have been 
generated by solving the third-order equations required to produce three indices. Each set of 
indices has 23 crystallographic equivalent variants, corresponding to the 24 standard triangles 
around the three <001> poles of the stereographic projection. The smallest pair of adjacent 
angles, 0  and 'P, between three sets of slip ti*aces are chosen in counter-clockwise direction. 
These are shown in Figs. 4.8.1(a-b), where 4.8.1(a) shows the choice of angles when ©j is 
taken to be the smaller of 0  and Y  and ©% the larger. With two angles fixed, the surface 
normal will then be determined by the third angle ©3, which is measured from the fourth trace 
direction to the bisector of the angle ©,. The positive sense for © 3  is taken to be counter­
clockwise if 0  < Y and clockwise if O > 'P. The orientation of the crystal is defined by the 
relationship between the reference axes x, y, z and the cubic crystal axes X,Y and Z. This
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relationship is determined by the rotation matrix M shown below, where the rows consist of 
direction cosines of X,Y and Z respectively in terms of x, y and z. Conversely, the columns 
give the direction cosines of x, y and z in terms of X, Y and Z. The surface normal indices, 
X , are given by mj,, mg^  and m3, from the rotation matrix M presented as the solution to all 
the pairs of angles, 0 , and 0 % presented in the tables:
Wii ^12 ^13
M  = ^22 ^23
^31 ^32 ^33
The other columns correspond to the y and z axis. In the work presented in chapters 5 and 
7, the X axis was taken as the surface normal, and the y axis as the tensile axis. Two angles, 
X and CO, which relate to the position in the standard triangle are given by:
X = arccos(m jj), o> = arccos( m21
\/l ~
)
X is the angle from the [ 1 0 0 ] zone axis, and co is the rotation around the [1 0 0 ] zone axis, 
which means that the surface normal is given by x = [ cos %, sin % cos co, sin % sin co].
d ) > w
Fig. 4.8.1 Angles used to calculate grain orientations. (After Drazin and Otte 1965)
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Results (I)
Fatigue
5.1 INTRODUCTION
Section 5.2 presents images of undamaged specimens of RTA and HTA specimens. 
Sections 5.3 - 5.4 present the results obtained from fatigue experiments carried out on RTA 
and HTA specimens at constant plastic stiain amplitudes in the range 0.1 - 2.5x10'^. Cyclic 
hardening/softening curves were plotted for most of the fatigue experiments and developments 
of the hysteresis loops from two of the fatigue experiments are shown. Most of the 
microscopical work was carried out by TEM, but some observations were also made by 
optical microscopy and SEM. Section 5.5 contains a summary of the results.
5.2 MICROSTRUCTURE OF UNDAMAGED SPECIMENS OF Ai-Cu-Mg
5.2.1 Microstructure of room-temperature aged specimens
Hardening curves for Al-Cu-Mg alloys of the same composition show that the hardness 
of the alloy initially rises, and reaches a constant value after approximately one day at room 
temperature (Fig. 4.2.1). The RTA specimens were therefore always left to age for one day 
or longer before they were indented and/or fatigued.
Fig. 5.2.1(a) shows the dislocation structure in a specimen having undergone the 
solution heat treatment and quenching, and Fig. 5.2.1(b) shows an area of Fig, 5.2.1(a) at a 
higher magnification. It consists of rows of helical dislocations with an even distribution of 
dislocation loops filling up the areas between the helices. The helices line up in bands along 
the direction of their respective Burgers vectors, of which two are seen in the micrographs, 
V2[1 1 0 ] and V2 [1 1 0 ]. The length of the helices observed in thin foils is obviously limited by 
the thickness of the foil except in those cases where the Burgers vector is parallel to the foil 
surface, and they were measured to be ~2 - 5 }lm long with a diameter of -100 nm. . Most
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observed dislocation loops were of Va<011> type. Loops were found on all (111) planes and 
the distribution of dislocations with different Burgers’ vectors appeared random. A small 
number of what is assumed to be 16<111> Frank sessile dislocations were also observed, 
which are recognized by their associated faults which appear as a change of contrast from 
inside to outside the dislocation loops. The diameter of both types of loops was found to be 
typically 1 0 0  - 150 nm.
5,2.2 Microstructure of high-temperature aged specimens
Figure 5.2.2 shows the distribution of precipitates in HTA specimen. (The micrograph 
taken from specimen B which had been cycled for 20 cycles at a plastic strain amplitude of 
£p = 1.6x10'*. In the chosen area no dislocations could be seen). The micrograph was taken 
away from a strong two-beam condition in order to reduce the amount of strain contrast. The 
laths were measured to be typically -600  - 800 nm long (depending on their orientation in 
the foil), with a width of a few nm per lath which was difficult to measure accurately. 
Several laths combined to form large composite sheets. These were generally found to be 
shorter than the majority of the single laths, typically -400 nm long.
Near the grain boundary the precipitates did not form laths, which was the only 
precipitate structure seen in the grain interior, but were more rounded. Also, the spacing 
between precipitates appeared to be larger near the grain boundary. Grain boundaries in the 
HTA alloy were found to be preferred sites for crack nucléation.
5.3 CYCLIC DEFORMATION OF ROOM-TEMPERATURE AGED SPECIMENS
5.3.1 Stress-stratn relationships
Fig. 5.3.1 shows the normal stress versus number of cycles. Specimen J underwent 
hardening until apparent softening toward the end of the fatigue life, presumably due to crack 
propagation, and failure. Specimens G and C showed regions of softening after approximately 
600 and 1,200 cycles, respectively. In the case of specimen G, this was followed by a final 
hardening stage prior to apparent softening and failure, whereas specimen C was removed for 
microscopic examination.
Fig. 5.3.2 shows the development of the hysteresis curves recorded from specimen G.
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It was cycled at a constant plastic strain amplitude of e,, = 1.4x10'^. Hardening took place 
over the first 1,200 cycles. Thereafter the stress amplitude gradually decreased until N = 
2,000, when it dropped dramatically until failure at N = 2,300 cycles. However, due to the 
reduction in the effective cross-section during the final stages of crack propagation, the stress 
amplitude measurements cannot be taken as a measure of hardening/softening during the final 
stage of fatigue.
All other tests were carried out at plastic strains in the range 6  ^ = 1.1x10 '’ - 2.2x10"'’, 
where the lower end of the range was the smallest plastic strain which could be measured 
with reasonable accuracy on the x-y output.
The relevant fatigue data are summarized in table 5.3.1. The hardening was measured 
in terms of the increase in applied load needed to maintain constant plastic strain.
Table 5.2.1 Fatigue data, RTA specim ens.
Specim en Gp
(xlO"^)
Gp
( 10"’s ’)
No. cycles
(S):sloppcd
(l^ :railcd
Increase in
o .(% )
A 1.1 2 20  (S) 10
C 1.8 10 2.000  (S) 31
E 2.5 10 10,000 (F) 52
G 14 5 2,300  (F) 40
J 1.0 1-2 - 10-20 8,900 (F) 35
5.3.2 Surface observations
The surface of the fatigue specimens were studied in the optical microscope at several 
stages during a fatigue test and after failure. Figs. 5.3.3-4 show surface areas from specimens 
A and C. After only 20 cycles, nearly all grains were found to contain slip. In most cases 
it was found that the slip lines started propagating into the grains from the grain boundaries, 
and after further fatigue most slip lines stretched across the whole grain. The surface relief 
developed from the slip line structure into either a wavy appearance, due to a clustering of 
slip lines, or to a PSB structure. Examples o^ these surface appearances are shown in Figs.
5.3.5-6. In Fig. 5.3.5 is shown the grain boundary between a grain with a wavy surface and
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a grain with only faint slip lines on the surface. Fig. 5.3.6 shows a detail of an extrusion 
found in a different grain in the same specimen (E). The angle made by the extruded material 
with the surface, which was imaged at 75° tilt, is approximately 65°. The 4 |i.m high 
extrusion consists essentially of only one "sheet" of material. No bands of
extrusions/intrusions were found. The thickness was measured to be approximately 220 - 250 
nm and with a spacing to the next extrusion of approximately 1 -1 .5  |lm. Smaller spacings 
were not measured in the SEM, and would also be beyond the resolution of the optical 
microscope.
5.3.3 TEM  studies
All orientations of grains of the RTA alloy studied in TEM are given in Table 4.5.1, 
along with a stereographic representation.
Table 5.3.1 Orientations o f  grains o f  RTA specim ens studied in TEM .
N o. Orientation 
(tensile axis)
*•1 [-0 .21, -0 .93, 0.31]
[-0.88, 0 .48 , -0.02]
[3, 6 . 7]
[Ï , 1, 1]
[-0 .86, -0 .37, 0.35]
6^ [3, 3, 4]
*-7 [ 1, 1, 6 ]
tg [3, 2 , 11]
4 [0 , Î, 1]
(a) Early stages of fatigue
Specimen A was cycled for 20 cycles at a plastic strain amplitude of = 1.1x10'*. 
Figs. 5.3.7(a)-(b) show the dislocation structure in a section cut longitudinally from the centre 
of the fatigue specimen. The grain studied had tensile axis t, = |-0.21, -0.93, 0.31]. Not 
much deformation due to fatigue is evident in this grain, but the dislocation structure looks 
less regular than the quenched-in structure. The helices one would expect in a quenched-in 
structure are mostly absent, except for rows of loops oriented along (|) = 75°, which may be 
remnants of helices. The orientation of the rows of loops is consistent with a [101] screw 
orientation, and the resolved shear stress factor for dislocations with Burgers’ vector VzllOl |
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was found to be the lowest of all Burgers’ vectors, m = 0.06 on (ÎÎ1 ) and m = 0.02 on (111), 
which may explain why the rows of loops of this orientation had not been dispersed. The 
loops are seen to be - 1 0 0  nm diameter, which is larger than was normally found as a result 
of fatigue, and are interpreted as quenched-in loops. The spotty contrast seen where 
dislocations are partially visible may be due to the small distance from the foil surface.
A foil was cut from the surface of the fatigue specimen in order to study the relation 
between the surface relief and the underlying dislocation structure. The tensile axis of the 
grain studied was tg = [-0.88, 0.48, -0.02], which favours slip on V2 [1 0 1 ] ( ï l l )  and 
V2[1 0 î ] ( l ï l ) ,  with resolved shear stress factors not exceeding 0.3 for any other slip system. 
Fig. 5.3.8 is an optical micrograph of the area which was subsequently studied in TEM, and 
it shows two sets of slip lines emerging at the surface. A close examination shows that one 
of the two sets of lines consists of both bright and dark lines, implying surface steps of 
opposite signs. A comparison between bright-field images and diffraction patterns in TEM 
revealed that this set of surface traces corresponds to slip on (1 1 1 ) planes and that the other 
set of traces coixesponds to slip on (111) planes. In order to see whether the surface relief 
would be detectable in TEM, observations were made under conditions of reduced diffraction 
contrast. The bands seen in Fig. 5.3.9 correspond to the slip lines seen in Fig. 5.3.8 in the 
bordered area. The orientation of these bands corresponds exactly to the underlying 
dislocation structure which is shown in Fig. 5.3.10 and at higher magnifications in Fig. 5.3.11. 
In Fig. 5.3.11, taken with g = i l l ,  with slip on (111) planes invisible, intense slip can be seen 
in the direction corresponding to the ( i l l )  planes. Many loops can be seen which appear to 
be significantly smaller (< 50 nm) than the quenched-in loops. The other orientations where 
a higher dislocation density is evident correspond to <110> screw directions. Helices of three 
different <110> orientations can also be identified, viz. [101], [1Ï0] and [Oil]. This indicates 
that some of the dislocation structure due to quenching has not been dispersed by fatigue slip 
at this stage.
When comparing the slip lines in Fig. 5.3.8 with the background contrast seen in Fig. 
5.3.9, it seems likely that the contrast is due to variations in the thickness of the foil, with 
precursors to either extrusions/intrusions or just waviness as was seen in some cases (cf. Figs.
5.3.5-6). The variation in thickness suggests that there is a local net movement of 
dislocations giving rise to both positive and negative steps which results in the bright and 
dark bands seen in Fig. 5.3.9.
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(b) Intermediate stages of fatigue
Specimen C was cycled for 2,000 cycles at 6 p = 1.8x10''*. A cross-sectional section 
was cut, and two regions were studied, one in a grain oriented for single slip, i.e. a soft 
orientation, and another in a grain oriented for multiple slip, i.e. with a hard orientation.
Fig. 5.3.12 shows the dislocation arrangements in the softer of the two examined 
grains. The direction of the tensile axis of this grain was found to be close to tg = [367], 
which favours slip on V2 [1 0 1 ](l 11). Invisibility of the dislocations of Burgers’ vector V2 [1 0 1 ] 
is demonstrated in Fig. 5.3.14, for g = 111, where only quenched-in loops of diameter -100 
nm are visible along with very small loops as well as conaast which looks like small 
precipitates. The fatigue-induced dislocation structure consists of loops of size -30  nm and 
of dislocation segments of the same Burgers’ vector, mainly stretched out along the direction 
of the dislocation band. Details of the structure are shown in Fig. 5.3.13 where rows of loops 
parallel with the [IÏO] direction can also be seen, which are assumed to be remnants of 
helical dislocations.
The tensile axis of the hard grain was close to = [111] and Fig. 5.3.15 shows the 
dislocation structure in the grain. The dislocation structure is dominated by large (-100 - 200 
nm) dislocation loops along with long, curved dislocation "triplets" which, judging by their 
lengths must be on (111) planes, mostly stretched out in the [110] screw direction. Fig. 
5.3.16 shows details of the dislocation structure. The dislocation "triplet" is seen to envelope 
a series of loops with a size of approximately 50 nm, i.e. significantly smaller than the 
average size of the overall distribution of loops, but the presence of large dislocation loops 
of several Burgers’ vectors suggests that this grain has not been plastically deformed to a 
significant extent.
A foil was cut parallel to the direction of stress from the centie of fatigue specimen 
C. Fig. 5.3.17 shows the distribution of dislocations in the g = I I I  reflection, and the same 
area is shown in Figs. 5.3.18-19 at higher magnifications. The distribution of dislocations has 
the appearance of bands of varying density along the trace of (111) planes. The tensile axis 
of the grain was tg = [-0.86, -0.37, 0.35], which gives the highest values of the resolved shear 
stress for the I6 [1 0 l] ( l l l)  and the '!6[110](Ill) slip systems, m = 0.44 and m = 0.42, 
respectively. The observed directionality of the dislocation structure corresponds to traces of 
(111) planes. The pattern of dislocations has the same appearance as the structure observed 
in cross-section, a band structure of varying dislocations density. Figs. 5.3.18-19 show areas
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seen in Fig. 5.3.17 at higher magnifications, and the microstructure is dominated by 
dislocation loops with diameters -2 0  nm as well as dislocations of lengths up to -400  nm, 
many of which appear to bow out in the direction of the band. Tilting of the foil did not 
produce any visible differences in the widths of the dislocation bands, implying that these are 
quite wide relative to the thickness of the foil. In Fig. 5.3.19 a dislocation is visible which 
appears to be pinned and bowing out between two obstacles (marked with arrow), which is 
possibly the mechanism for the generation of loops. Figs. 5.3.20-21 show the same structure 
using the g = 33Ï reflection. Tilting by a fraction of a degree in the 33Î direction (0.1° as 
measured from the shift in the Kikuchi line in the diffraction pattern) produced a reversal of 
contrast over the entiie field of view, which means that the deformation band can be seen as 
consisting of dislocations with a net Burgers’ vectors with opposite sign from one side of the 
band to the other.
(c) Late stages of fatigue
Specimen E was cycled to failure (Nf = 10,000) at 8 p = 2.5x10 '*. A foil was cut from 
the cross section of the specimen, and a grain was studied with an orientation close to tg = 
[334], which favours slip equally on V2 [1 0 1 ] ( l l l )  and 1/^[110](ïïl) with m = 0.34. The 
dislocation structure is shown in Figs. 5.3.22-23. The loops observed (Fig. 5.3.23) were 5 - 
50 nm, but typically -1 0  nm, in diameter. In Fig. 5.3.24 only dislocations of Burgers’ vector 
b = y2 [1 1 0 ] are visible, and in Fig. 5.3.25, both b = l&[110] and b = I6[10ï] satisfy g b = 0. 
It is evident that the observed deformation is not due to a single slip system only, the effect 
of which is that the grain is harder than for conditions of single slip, and some dislocations 
of the quenched-in dislocation structure are still present as shown in Fig. 5.3.25. No 
deformation band structure was observed in this grain. The deformation appeared to be 
homogeneous over the region studied. However, the presence of large loops in Fig. 5.3.25, 
imaged with g = 1 1 1 , may indicate that there still are bands, or regions of the grain with little 
fatigue-induced slip. In Figs. 5.3.23-24, which were imaged in g = 111 and g = 020 very few 
loops can be seen, which would indicate that the loops visible in Fig. 5.3.25 are 
predominantly of b = 1Æ[101]. Dislocations of this Burgers’ vector are invisible in both g = 
1 1 1  and g = 0 2 0  but visible in g = 1 1 1 , and can lie on (111) and (III) planes, with traces 
parallel to the elongated loops of the two orientations seen in Fig. 5.2.25. The significance 
of this is that the if the fatigue slip is localized in bands, although this is not obvious from
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Figs. 5.3.22-25, then regions of quenched-in dislocation loops of Burgers’ vectors associated 
with low resolved shear stresses are not necessarily affected by the fatigue. (The Schmidt 
factor for b = V^flOl] on the (1 1 1 ) and ( I I I )  planes are m = 0 . 1 2  and 0.05, respectively.)
Figs. 5.3.26-28 show the dislocation pattern in a grain in a foil cut from the cross- 
section of fatigue specimen J, which was fatigued to failure after N = 8,900 at 8 p = 1x10^. 
The tensile axis of the grain was close to tj ~ [116] which results in high resolved shear 
stresses on three slip planes. Slip bands corresponding to all three planes are seen in Fig. 
5.3.26. Fig. 5.3.27 shows details from the area shown in Fig. 5.3.26 and shows the 
dislocation structure at a higher magnification. There appears to be a distribution of small 
dislocation loops, but the image is dominated by the dislocation debris of various Burgers’ 
vectors.
Specimen G was fatigued to failure (Nf = 2,300) at a plastic strain of Sp = 1.4x10'^, 
and Figs. 5.3.29-32 show the distribution of dislocations observed in a foil which was cut 
perpendicularly to the directions of stress. Fig. 5.3.29(a) shows the dislocation structure 
imaged in g = i l l .  The image consists of bands of varying dislocation density aligned in the 
trace direction of the (III) planes. The tensile axis of the grain was close to tg = [3 2  1 1 ], 
with high resolved shear stresses for the 16[011](111), V'2 [0 1 1](111) and the V2 [1 0 l ] ( l  11 ) with 
m = 0.48, 0.44 and 0.43, respectively. Slip bands corresponding to (III) covered the whole 
field of view in the electron transparent region of the foil. Fig. 5.3.29(b) shows the same area 
imaged in g = 200. In this reflection dislocations with b = V2 [1 0 l]  can be seen lying in bands 
along the ti'aces of (111) planes. These bands filled up the field of view only partially. Figs. 
5.3.30(a)-(b) show the same area of the foil imaged with g = 311, and they show the effect 
of tilt on the image. When the foil was tilted under the electron beam, different bands that 
corresponded to slip on the same set of slip planes came into or went out of contrast. Fig. 
5.3.30(b) has been tilted by 0.28° in the direction of g with respect to Fig. 5.3.30(a), and it 
can be seen that one of the bands of dislocations along the III trace direction is out of 
contrast in Fig. 4.5.30(a), when most other bands are in strong contrast, whereas the opposite 
is the case in Fig. 5.3.30(b).
Figs. 5.3.31-32 are high magnification views of the band seen closest to the edge. In 
order to make an assessment of the degree of misorientation of these bands, diffraction 
patterns were recorded inside and to one side of the band. Inset in Fig. 5.3.31 are diffraction 
patterns obtained inside the band and below the band, respectively. The top diffraction image
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was obtained from the middle of the dislocation band, and the diffracted spot is seen to be 
almost as strong as the centre spot, with the Kikuchi line, which cannot be seen in this image, 
going through the centre of the spot. The difference in orientation measured along the 
direction g = 3 ÏÏ , was calculated to be about 0.24°.
(d) Cracking
Crack propagation in RTA specimens was found to follow PSBs and propagate mainly 
in a transgranular mode, although it was found that cracks tended to initiate at grain 
boundaries. The initiation and propagation of cracks away from the indents was not studied 
in detail in the present work, and only a few such micrographs are presented. Cracking was, 
however, studied in the case of crack initiation at indentations in the surface.
Figs. 5.3.33 shows a transgranular crack in specimen E, which was not close to any 
indent. The crack can be seen to follow PSBs, and appears, at least near the surface, to be 
parallel to the {111} plane from which the PSB has developed. The image also shows 
discontinuities in the propagation of the crack, which could either lie on other {1 1 1 ) planes 
or belong to no simple crystallographic plane.
Figs. 5.3.34-36 show crack tip details of a stage II crack observed in specimen G. Fig. 
5.3.34 is an optical micrograph of the crack in the region around the crack tip. The 
orientation of the stress axis is shown and the crack is not propagating on any simple set of 
crystallographic planes. The crack is seen to propagate in a transgranular manner, and to 
make an abrupt change of direction at the grain boundary, branching into two directions over 
a distance of approximately 10 p.m. The electron transparent region is shown in Fig. 5.3.36, 
and it extended approximately 12 |im into the grain ahead of the crack tip. The tensile axis 
of the grain was measured to be close to tç, = [Oil], which is a multiple slip orientation with 
high resolved shear stresses for slip systems on the (ÏÏ1 ) and (111) slip planes. Fig. 5.3.36 
shows tilt bands ahead of the crack tip, observed along the trace of (Î11) planes. The 
resolved shear stresses for (1 1 1 ) in this orientation are low, which suggests that a 
redistribution of stresses during the final stages of fatigue has occurred. An experimental 
mishap caused heating of the thin foil during spark cutting. This gave rise to the growth of 
small S precipitates and very likely to some relaxation of residual stresses in the foil. 
However, the region of dislocation bands was found a long way along the crack, although the 
edges of the crack surface were to thick to be imaged, and the dislocation bands ahead of the
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crack tip in the bottom half of the image are therefore very likely genuine. The area in the 
top half of the image was distorted, and only one g vector was found that gave satisfactory 
imaging conditions. A tilt of approximately 10° was measured across the area ahead of the 
crack tip above the region of tilt bands seen in the micrograph.
5.4 CYCLIC DEFORMATION OF HIGH-TEMPERATURE AGED SPECIMENS
5.4.1 Stress-strain relationships
Table 5.4.1 shows the fatigue data relevant to fatigue of the HTA specimens, and the 
curves for normal stress vs number of cycles are shown in Fig. 5.4.1.
T ab le 5.4.1 Fatigue data, HTA specim ens
Specim en
( x l O l (lO V *)
No. cycles
(S): Stoppul 
(F): Failed
Reduction in
B 1 . 6 2 20  (S) -
D 2.2 10 2,000  (S) 5
H 1.0 10 12,000 (S) J
F 1 . 6 7.5 28 ,000  (F) 20
§: C ycling was stopped regularly lor op heal exam ination, wiiich  at this low value o l plastic strain
It is evident that the HTA specimens all undergo cyclic softening from early in their 
fatigue life, although hardening was found during the first 2  and 1 0 0  cycles in the cases of 
specimens B and D, respectively. Specimen F showed no hardening, but softened all through 
its fatigue life until failure. Fig. 5.4.2 shows the development of the hysteresis curve for 
specimen F, which was cycled at a plastic strain amplitude of e^ , = 1.6x10'* until failure after 
approximately 28,000 cycles. The hysteresis loop changed gradually to an increasingly 
pointed shape within approximately N = 1,000, indicating a gradual increase in the density 
of dislocations mobile at low levels of stress. There had also taken place a small amount of 
softening, amounting to approximately 10 %. After N = 23,000, the test was stopped for 
approximately 5 minutes. When the test was restarted in compression, the compressive half 
of the loop had reverted to the original shape, while the tensile half was already more pointed.
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After N = 23,004, the shape had become as pointed as before the test was stopped. Further 
softening, in addition to approximately 15 % softening from the start of the cycling to N = 
23,000 was also evident.
5.4.2 Surface observations
Figs. 5.4.3-6 show typical surfaces of the HTA fatigue specimens as seen in the optical 
microscope. Figs. 5.4.3-4 show grains on the surface of specimen D, which was cycled for 
N = 2,000 at a plastic strain amplitude of Cp = 2.2x10 *^. Faint slip lines can be seen in Fig.
5.4.4 in one direction of the surface, probably corresponding to slip on a set of {111} slip 
planes.
Fig. 5.4.5 shows a comparison between slip lines generated by an indentation made 
in specimen D prior to the artificial ageing treatment and subsequent fatigue slip in the aged 
state. The fatigue slip on (111) is seen further away from the indentation These slip lines 
are seen to be of varying length, some as short as - 2 0  jim, and "smeared out" when compared 
to the sharpness of the indentation slip. Slip lines were mostly found only after significant 
numbers of cycles, and would then appear in a single direction (corresponding to slip on one 
set of slip planes) on the surface.
Figs. 5.4.6 shows surface relief on specimen F, cycled to failure at a plastic strain 
amplitude of -  1 .6 x 1 0  '’. In a small number of grains, slip lines were more pronounced. 
This micrograph also shows an example of a crack initiated at a grain boundary. It is evident 
that the crack, along with its smaller branches do not, except for one, appear to follow the 
traces of what may have been the dominant slip plane in the grain.
5.4.3 TEM observations
The orientations of the grains studied in TEM are given in Table 5.4.2.
T ab le  5.4 .2  Orientation o f  grains in HTA specim en studied in TEM .
N o. O rien tation  
(te n sile  a x is)
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Two foils were cut from specimen F, which was cycled to failure after N = 28,000 at 
a plastic strain amplitude of Cp = 1.6x10''. Figs. 5.4.7(a-c) are observations from a grain in 
a foil cut transverse to the tensile axis. The grain in this foil had a tensile axis close to tj = 
[013], which gives high resolved stresses for the V^[10Ï](111) and V2 [1 0 1 ] ( ï l l )  slip systems 
(m = 0.49). The best view of the dislocation distribution is seen in Fig. 5.4.7(c), which was 
taken without a strong two-beam condition, but with contributions from various weakly 
excited spots. The reason the dislocations are visible is due to the reduced strain contrast of 
the precipitates. The dislocation structure is seen to consist of loops of -1 0  - 20 nm as well 
as other dislocations. The other dislocations do not fomi a structure, but appear to be mostly 
tangled with the precipitates, with some dislocations crossing between adjacent precipitates 
or bowing out between precipitates (similar to what is observed between dislocation walls in 
pure Al). The reflections g = Ï1 Î , g = ÏÎ1 , g = 200 and g = 020 were chosen for Burgers 
vector analysis. Only g = 020 (Fig. 5.4.7(b)) gave conditions where the g b = 0 was satisfied 
for the majority of the dislocations, which indicates that both b = V2 [1 0 Ï] and b = V2 [1 0 1 ] were 
generated during fatigue. Only a few loops and dislocations close to precipitates are visible. 
Contrast changes alongside the precipitates Fig. 5.4.7(b) shows evidence for residual strain 
related to the precipitates, which suggests a strong interaction between precipitates and the 
dislocations. The same micrograph appears also to show bending of a precipitate to the right 
in the image, but this is due to the fact that a sheet consisting of single laths on different 
{1 2 0 } habit planes is seen edge-on in the micrograph.
Figs. 5.4.8(a-b) were taken from a foil cut from the surface shown in Fig. 5.4.9, away 
from the indentation. The grain had a tensile axis close to t = [11 9 3], which gives high 
resolved shear stresses for 16[10Ï](111) and 1/^[01Ï](111), m = 0.46 and m = 0.39, 
respectively. No well defined underlying dislocation structure was observed, although only 
one of the second of the two slip systems giving rise to slip on ( 1 1 1 ) was observed under the 
given operating conditions. Slip that gave rise to surface slip lines on (111) must have caused 
a certain density of dislocation on groups of ( 1 1 1 ) planes during fatigue, but it is evident from 
Figs. 5.4.8(a-b) that if there was a definite dislocation structure of a high density during 
fatigue, it is no longer visible between the precipitates. (No other reflection showed a higher 
density of dislocations).
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5.5 SUMMARY OF RESULTS
5.5.1 Fatigue, room-temperature aged specimens
• All specimens were found to harden to a peak stress amplitude. This was 
followed by softening until failure, probably due to cracking. The hysteresis 
loop changed into a more pointed shape until it started to become distorted due 
to cracking.
Surface slip lines were found to traverse almost the whole length of the grain 
surface after only a small number of cycles.
The microstructure developed from the quenched-in structure consisting of 
dislocation loops and helices, into bands of dislocation loops. In the most 
severely deformed grains observed, the regular bands of loops had given way 
to tilt-bands where fewer loops were observed, suggesting that the loops are 
by-products of dislocations active in the deformation process.
Dislocation bands generated by fatigue were found to consist mostly of 
dislocations of a single Burgers’ vector.
• When dislocation bands corresponding to slip on different planes was 
observed, there was little evidence of interaction between the different bands 
in terms of a modification of the dislocation configuration.
The dislocation arrangement in the surface layer matched the surface 
observations of slip lines.
5.5.2 Fatigue, artificially aged specimens
• Only limited hardening was observed, which in two cases lasted for 2 and 100
cycles, respectively.
The hysteresis loop showed a change in shape which indicated the generation 
of a dislocation configuration mobile at low levels of stress.
• In most grains, surface slip lines become visible late during the fatigue life,
and in some grains no surface relief was observed at all.
Very little dislocation structure was observed after fatigue. It is thought that
this is due to a strong interaction between dislocations and precipitates.
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I
I
1pm
Fig. 5.2.1(a) Distribution of dislocation helices and loops after solution heat treatment at 
530°C for 1 hour, followed by room-temperature ageing for 1 day.
200  nm
Fig. 5.2.1(b) High magnification of area in Fig. 5.2.1(a), showing size of loops and 
helices.
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1pm
Fig. 5.2.2 Distribution of S precipitates in a specimen which was solution heat treated 
at 530°C for 1 hour, quenched and artificially aged for 16 hours at 190°C
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Fig. 5.3.1
Number of cycles, N 
Normal stress versus number of cycles for RTA specimens.
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Fig. 5.3.2 Development of hysteresis loops for specimen G, cycled at a constant plastic 
strain of e,, = 1.4x10"’.
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100 pm
Fig. 5.3.3 Surface appearance of specimen A after N = 20 at 6 p= 1.1x10"*, showing 
light slip deformation.
Fig. 5.3.4
100 pm
Surface appearance of specimen C after N = 2,000 at Cp= 1.8x10"*, showing 
varying degrees of deformation in grains of different orientation.
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Fig. 5.3.5 Surface waviness in grain in specimen E after N = 10,000 at 6 p= 2.5x10“ 
Tilt: 45°.
20KV 01 0 3 5  S
Fig. 5.3.6 Detail of extrusion in grain of specimen E after N = 10,000 at Cp= 2.5x10 
Tilt: 75°.
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\ l
1 pm
Fig. 5.3.7(a) Dislocation structure from grain cut longitudinally from the centre of 
specimen A, after N = 20 at e = 1.1x10"*. g = Î1 Ï, B = [Oil].
\ i
5 0 0  nm
Fig. 5.3.7(b) DetaU of dislocation structure from area in Fig. 5.3.7(a). 
g = Ï1 Î, B = [Oil].
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T11
T1T
20 pm
Fig. 5.3.8 Surface area in specimen A after N = 20 and 0 p= 1.1x10"*, also studied by 
TEM.
2 pm
Fig. 5.3.9 Area shown in Fig. 5.3.8, with reduced diffraction contrast.
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Fig. 5.3.10 Fatigue slip in the same area as shown in Fig. 5.3.9. 
g =  111, B = [Ï12].
2 pm
1 pm
Fig. 5.3.11 Higher magnification of area shown in Fig. 5.3.10. 
g = 111, B = [112].
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2 pm
Fig. 5.3.12 Dislocation structure in foil normal to the stress axis from specimen C after
N = 2,000 and 6p= 1.8x10’ g =  111, B = [Oil].
Fig. 5.3.13 High magnification of area in 
dislocation loops of diameter 10 -
200 nm
Fig. 5.3.12, showing dislocations and 
30 nm. g = 1Ï I, B = [011].
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200 nm
Fig. 5.3.14 Same area as Fig. 5.3.12, showing distribution of small loops (10 - 15 nm) 
and large loops (-100 nm), with g-b = 0 satisfied for the fatigue slip system, 
g = 111, B = [Oil].
»
40 0  nm
Fig. 5.3.15 Dislocation structure of grain orientated for multiple slip in specimen C after 
N = 2,000 cycles and e = 1.8x10"*. g = Ï1 Ï, B = [213].
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400 nm
Fig. 5.3.16 Details of dislocation structure shown in Fig. 5.3.15, showing dislocation 
loops of diameter 100 - 200 nm and a dislocation "triplet" enveloping 
dislocation loops of diameter -5 0  nm. g = 111, B = [213].
m M»
Dislocation structure observed in foil cut parallell to the surface at the centre
of specimen C after N = 2,000 cycles and e = 1.8x10 .
g = 111, B = [123].
Fig. 5.3.17
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1 pm
Fig. 5.3.18 Detail of dislocation structure in Fig. 5.3.17, showing dislocation bands of 
varying dislocation density, g = 11Î, B = [123].
200 nm
Fig. 5.3.19 High magnification of detail of dislocation structure in Figs. 5.3.17-18. The 
arrow marks a pinned dislocation. g = 11Î, B = [123].
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1 um
Fig. 5.3.20 Same area as Fig. 5.3.19, showing regions of relative tilt using 
the g = 33Î reflection. SAD pattern inset, g = 33Î, B = [013].
1 pm
Fig. 5.3.21 Same area as fig. 5.3.20, but showing reversed
contrast. SAD pattern inset, g = 33Ï, B = [013].
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400 nm
Fig. 5.3.22 Dual slip dislocation structure (V 2[10 l](lll) and V 2[011](ni)) observed in 
grain of specimen E, fatigued to failure after N = 10,000 and Ep= 2.5x10"*. 
g = 11Ï, B = [Ï32].
5 #
100 nm
Fig. 5.3.23 Detail of dislocation structure in Fig. 5.3.22, showing dislocation loops in the 
range 5 - 40 nm, and longer dislocations, g = 11Ï, B = [Ï32].
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< -
Fig. 5.3.24 Dislocation structure associated with slip on !6[110](111), with 
satisfied for 'A[10Ï](111). g = 020, B = [Ï02].
400 nm
g-b = 0
200 nm
Fig. 5.3.25 Same area as Fig. 5.3.24, showing quenched-in loops of diameter -100 nm. 
g b = 0 satisfied for both active slip systems, g = i l l ,  B = [112].
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111/TT1
2 um
Fig. 5.3.26 Dislocation structure observed in a cross-section foil of specimen J, fatigued 
to failure after N = 10,000 and Cp= 2.5x10"*, showing slip on (111) and 
( i l l ) ,  g = 111, B = [Oil].
m /111
T il
1T1
500 nm
Fig. 5.3.27 Different area of the foil shown in Fig. 5.3.26, showing slip on the (111), 
( i l l )  and ( l i l )  planes, g = 200, B = [013].
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200 nm
Fig. 5.3.28 High magnification of area in Fig. 5.3.27, showing dislocation debris, 
g = 1Î1, B = [Oil].
2 um
Fig. 5.3.29(a) Dislocation pattern observed in grain with multiple slip orientation from 
specimen G fatigue to failure after N = 2,300 and Cp= 1.4xlO \ showing slip 
on (ÏÎ1).  g = l i l ,  B = [112].
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TT1
111
2um
Fig. 5.3.29(b) Same area as Fig. 5.3.29(a), showing slip on both (ÏÏ1 ) and (111), 
g = 200, B = [0 2 11].
2 um
Fig. 5.3.30(a) Same area as Fig.5.3.29 under different operating conditions, showing tilt 
bands, g = 3Î Ï ,  B = [112].
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2 um
Fig. 5.3.30(b) Same area as Fig. 5.3.29(a), showing reverse contrast due to tilting along the 
311 Kikuchi band by -0.24°. g = 3 ÎÏ , B = [Î12].
4 0 0  nm
Fig. 5.3.31 Dislocation tilt band seen in Fig. 5.3.30(a-b) shown in strong 
contrast, g = 3ÎI ,  B = [Ï12]. SAD patterns inset.
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200 nm
Fig. 5.3.32 High magnification of tilt band shown in Fig. 5.3.31. 
g = 200, B = [0Î7].
Fig. 5.3.33 Crack following the trace of a {111} slip plane in specimen E, cycled to
failure at N = 10,000 and Cp= 2.5x10 .
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100 pm
Fig. 5.3.34 Crack in specimen G, cycled to failure. Nf = 2,300 e = 1.4x10
S u m
Fig. 5.3.35 Low magnification image of region around the crack tip of the crack shown 
in Fig. 5.3.34.
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2 um
Fig. 5.3.36 Region ahead of the crack tip shown in Fig. 5.3.35, showing tilt bands along 
the trace of (111), g = 1Î1, B = [121].
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I
300.0
250.0
200.0
150.0
100.0 1 100 1000 10000 10000010
Fig. 5.4.1
Number of Cycles
Stress versus number of cycles for high-temperature aged specimens.
2 0 0 -
(MPa)
1 0 0 -
200 T
(MPa)
100 -
23000
(a) N = 1 and 1,000 (b) N = 23,000 and 23,004
Fig. 5.4.2 Development of hysteresis loop for specimen F for small and large N.
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100 urn
Fig. 5.4.3 Surface appearance of specimen D, after N = 2,000 at £p = 2.2x10 '*, showing 
faint slip lines in grain to the right in the image.
20 |im
Fig. 5.4.4 High magnification of faint surface slip lines in specimen D.
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20 um
Fig. 5.4.5 indentation in specimen D (N = 2,000, Cp = 2.2x10'*), introduced prior to 
ageing treatment at 190°C, showing comparison of nature of slip before and 
after high-temperature ageing.
20 um
Fig. 5.4.6 High magnification, showing detail of surface slip and crack in specimen F, 
after N = 28,000 at Cp = 1.6x10'*.
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200 nm
Fig. 5.4.7(a) Fatigue slip structure on V2[10Ï](111) and V2[101](îll) in specimen F, 
fatigued to failure after N = 28,000 and Cp = 1.6x10'*. g = Ï1Î ,  B = [Oil]. 
(Slip on V2[10Î](111) invisible).
Fig. 5.4.7(b)
200 nm
Same area as Fig. 5.4.7(a), g b = 0 for both ^A[10Ï](111) and V2[101](ï 11). 
g = 020, B = [001].
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200 nm
Fig. 5.4.7(c) Same area as Fig. 5.4.7(a). Reduced diffraction contrast.
Fig. 5.4.8(a)
200 nm
Microstructure in grain cut from the surface of specimen F, after N = 28,000 
at e,, = 1.6x10". g = Ï1Î ,  B = [112].
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100 nm
Fig. 5.4.8(b) TEM image. Detail of dislocation structure shown in Fig. 5.4.8(a). 
g =  111, B = [Î32].
50 um
Fig. 5.4.9 Grain surface from which TEM images in Figs. 5.4.8(a-b) were taken.
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Results (II)
Indentation
6.1 INTRODUCTION
Section 6.2 presents observations made on indented specimens of the RTA material, 
using optical microscopy, laser scanning microscopy and transmission electron microscopy. 
The first series of indentations were made in a single large grain, and the effect of the 
indenter orientation on the deformation was investigated. Another series of indentations were 
made in grains of other orientations. Section 6.3 contains the results of observations of 
indentations made in the HT A material. One of the indentations was made in the same grain 
as the first series of indentations presented in section 6.2 after high-temperature ageing of the 
specimen, and a direct comparison of the deformation in the two ageing states was made. A 
summary of the results is given in section 6.4.
6.2 INDENTATION OF ROOM-TEMPERATURE AGED SPECIMENS
6.2.1 Surface observations
Surface and sub-surface damage was introduced by indenting with a Vickers indenter. 
Loads of 500 g and 1 kg were used. Slip lines around the indents were observed in an area 
with a radius approximately IV2 times the diagonal of the indent. This was found to hold 
independently of the magnitude of the applied load. When 1 kg loads were used, most 
indentations produced slip lines on four slip planes, but in some cases only on three or even 
two. At loads below 500 g, only a small number of indents had slip lines developed on all 
four {111) planes. In order to stay as close as possible to the single crystal situation by 
avoiding the gi'ain boundaries, loads higher than 1 kg were not used.
Figs. 6.2.1(a)-(b), 6.2.2(a)-(c) and 6.2.3(a)-(b) show Nomarski contrast images and
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laser scanning images of indents in a RTA specimen. The Nomarski images show details of 
the formation of slip lines around the indents. The topographical images, obtained by 
confocal imaging in a laser scanning microscope, show the corresponding details in the pile- 
up of material in the areas where slip was observed. The resolution was optimized to image 
the pile-up of material around the indents which resulted in "noise" in the form of back- 
scattered light from the sides of the indentation. This was reduced by medium and low-pass 
filtering, but some noise still remains in all the confocal images shown.
The outwards/upwards displacement o f material from the impression is most 
pronounced in the regions out from the sides rather than out from the comers of the 
indentation. By counting contours in Fig. 6.2.1(b) it can be seen that maximum height of the 
pile-up near the edge of the indent at (b = 180° is -2 .2  pm relative to the level at the corner 
of the indentation, or approximately 10% of the depth of the indent. Figs. 6.2.2(a) and 
6.2.3(a) show the difference in the material displacement around two indents in the same 
grain as the indent in Figs. 6.2.1(a)-(b), rotated by 45° with respect to each other. Both 
indentations are seen to displace material less symmetrically relative to the indentation 
orientation compared with the indentation in Figs. 6.2.1(a)-(b), which means that the grain 
orientation is the other main factor in detemiining the deformation pattern. This is seen in 
the micrographs by the fact that the overall pattern of pile-up around the indentations are 
similar for all three indentation orientations. An example is the trough at (j) = 180° which is 
positioned differently relative to the indentations in all three cases. Because of the influence 
of the grain orientation the amount of upward displacement varies, with the maximum pile-up 
height found next to the indentation in Fig. 6.2.1(a)-(b).
Nomarski imaging provides enhanced contrast based on differences in the optical path 
length of the light reflected off the surface. The slip lines therefore appear as either bright 
or dark lines, where the difference is that one represents a positive step and the other a 
negative step. In terms of the deformation around an indentation, a change in appearance of 
a set of lines from dark to bright (or vice versa) would indicate either a net movement in 
opposite directions of dislocations of a given Burgers’ vector, or that different Burgers’ 
vectors were active on the same set of slip planes, and dominated the deformation in different 
positions around the indentation. An example of this is clearly seen in Fig. 6.2.2(a), where 
lines go from dark to bright a t ^  = 270°. The overall pattern of slip lines around the 
indentations are seen to be similar in all three cases. The main difference is that the
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appearance of slip lines is reduced in regions out from the comers. In comparing the 
topographical image in Fig. 6.2.2(b) with the Nomarski image in Fig. 6.2.2(a), it can be seen 
that the region between the pile-ups ((() = 180°) corresponds to a line of high contrast and that 
it represents an area where an abrupt change between slip on different planes takes place, 
resulting in less material pile-up. Other regions show slip lines of different slip planes 
overlapping, giving less contrast, and less steep gradients. In Fig. 6.2.2(b) the reduced pile-up 
is seen to cause what looks like a "bowing in" of the edge of the indentation. It can likewise 
be seen that the barrel shape, or "bowing out" of the edges of the indentation is due to an 
upward/outward piling up of material along the sides of the indention. The comparison of 
techniques also shows that individual slip steps are too small to be resolved in the 
topographical image, but that the area around the indentation where the surface has been 
displaced upwards by slip can be closely related to regions of slip lines seen in the Nomarski 
images.
Another series of indentations in RTA material are shown in Figs. 6.4.1-6.4.4, which 
were included in the part of the present investigation reported in chapter 8, where indentation 
models are applied to analyze the defonuation around indentations in grains of different 
orientations.
6.2.2 TEM  observations
TEM micrographs were taken from surface areas of the indented specimen in areas 
shown in the optical micrograph in Fig. 6.2.5, which was taken after thin-foil preparation.
Figs. 6.2.4(a)-(c) were taken inside an area defined by the base of the pyramidal 
indentation, near the corner where cracks were found to initiate preferentially and propagate 
during fatigue. The edge of the indentation can be seen on the left hand side of the 
micrograph. Deformation immediately underneath the indentation was so severe that no clear 
images of dislocations could be obtained. Instead, contours of high contrast were observed 
which indicate local bending of the crystal. The bending made it impossible to obtain two- 
beam conditions for the whole area in view, so the features in the micrographs are imaged 
with one diffraction vector (g= 111) on one side of the bands in contrast, and the opposite 
diffraction vector (g = Ï1 Î) on the other side. Regions of high densities of dislocations can 
be seen within the limited area of contrast.
Fig. 6.2.6 was taken at the corner. It shows dense tangles of dislocations resulting
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from multiple slip.
Figs, 6.2.7(a)-(c) show the dislocation distribution in an area near the same indent. 
The edge of the indent can be seen at the bottom left in the micrograph, which covers an area 
out to a distance of -15 jim measured from the edge of the indentation, and is representative 
of the dislocation patterns observed further away from the indents. Slip is seen on (111) and 
(111) planes, with Burgers’ vectors Vz[On] on (111), and 16[10Ï] or V2[110] on (111), and the 
slip pattern is seen to consist essentially of slip on these two slip planes, a more ordered 
configuration compared with the region close to the corner of the indent. The density of 
dislocation loops is similar to the loop density generated during quenching (cf. Figs. 5.2.l(a- 
b)), but no helices can be seen; the dislocations between the dislocation bands caused by the 
indent (most clearly observed in Fig. 6.2.7(c), all appear to be perfect loops. The dislocation 
structure seen in Fig. 6.2.7(a) is seen to be more dense within a distance of approximately 3 
qm from the edge of the indentation and that slip bands cannot be distinguished, but are 
similar in appearance to the dislocation structure seen in Fig. 6.2.6. The density of 
dislocations decreases away from the indent, and it was found that it became increasingly 
difficult to distinguish between dislocations due to the indentation and the quenched-in 
structure, although the presence of helical dislocations is indicative of decreasing amounts of 
deformation slip further away from the indentation.
6.3 INDENTATION OF HIGH-TEM PERA TU RE AGED SPECIM ENS
6.3.1 Surface observations
All indentations made in the HT A specimens were made using loads of 1 kg.
Fig. 6.3.1(a) shows an indent of 1 kg in the same specimen that was indented in the 
RTA state. After the first series of indentations, the specimen was aged for 16 hours at 190° 
in order to make a direct comparison of deformation characteristics after RTA treatment and 
HT A treatments. The most striking feature is the almost complete absence of visible slip 
lines around the indentation. Normally slip lines were observed on one or two sets of slip 
planes (cf. Figs. 6.3.2(b) and 6.3.3(b)). An almost complete absence of slip lines was only 
observed once, but it demonstrates the effect of precipitates on the movement of dislocations 
in the heavily deformed region around the indent, which is to disperse dislocation slip. Fig.
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6.3.1(b) shows a topographical image of the same indent. When compared with its RTA 
counterpart in Fig. 6.2.1(b), it is apparent that the pattern of material displacement in the two 
cases are virtually indistinguishable. The contours of the edges of the indent are very similar, 
and the only way in which the surface appearance of the two differ is that the pile-up of 
material around the indent introduced after the ageing treatment is more concentrated around 
the indentation. In the RTA state, a maximum height of 2.2 jim was measured at the 
indentation of identical orientation. After the ageing treatment, a maximum height of 3.1 p.m 
was measured, an increase of approximately 40%, and the height of pile-up corresponds to 
15 % of the indentation depth. The surface gradients in the piled-up regions around the 
indentation in the aged state are seen to be steeper in comparison with the RTA state 
indentation, and the deformation does not extend as far.
Two other distinct types of slip line traces could be distinguished: a) the slip lines 
sometimes appeared similar to the ones seen around indents in aged specimens but not as 
sharp or well defined (Fig. 6.3.2(a)-(b)) and b) the slip lines close to the indent were 
sometimes more marked than the ones seen on RTA specimens (Figs, 6.3.3(a)-(b)). In 
general, slip lines in the aged specimens, both due to indentation and after fatigue, appear to 
be more smeared out, or rather finer and more uniformly distributed, than is found in RTA 
specimens.
6.3.2 TEM  observations
Fig. 6.3.4 shows the surface region between the corner of an indentation and 7 |im into 
the surrounding material. Micrographs from regions inside the indentation and approximately 
6 |Lim away are shown in Figs. 6.3.5-7. The microstiucture in Fig. 6.3.5 shows severe 
deformation, and the "band" of dense dislocation contiast seen in the middle of the 
micrograph is a contrast contour with contributions to the diffraction contrast from g and -g 
on either side of the contour. The local distortion of the lattice was such that the no Kikuchi 
patterns, which normally appear in the slightly thicker regions of a thin foil, were observed. 
The strain contrast is vei-y similar to that which was seen in the RTA specimens. The 
distortion inside the indent indicates that the precipitate structure breaks down in this region 
during deformation.
Figs. 6.3.6-7 show the microstructure observed approximately 6 |im away from the 
indent. The strain contrast due to the S precipitates overlapping with the dislocation contrast
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made the latter hard to image. Considering the amount of material displacement, similar 
amounts of plastic deformation have taken place as in the RTA indented specimen. It is 
evident that the dislocation density between the precipitates is low compared to the number 
of dislocations tangled around precipitates, indicating a strong precipitate-dislocation 
interaction which causes dislocations to be trapped at the precipitates. The dislocations that 
can be seen, more clearly visible in Fig. 6.3.7(b) under conditions of reduced diffraction 
contrast, are mostly crossing between precipitates.
Figs. 6.3.8-11 show the microstructure at the edge of an indent, which was made in 
RTA material, and then aged at. 190°C after indentation. Figs. 6.3,8 shows bend contours 
along the region just inside and immediately outside the edge of the indentation. Inside the 
edge regular bend contours are seen where the areas in contrast are due to alternate 
excitations of g and -g. Outside the edge is a region where the microstmcture is irregular, 
but less than 0.5 [am outside the indentation the precipitate sti’ucture seems regular. Fig. 
6.3.9(a) shows the deformation in the corner of the indentation, where a high density of 
dislocations can be seen. The contrast conditions were such that only very small areas could 
be imaged, and again only high-density dislocation "bands" were seen. A rotation of 5° was 
measured (Figs. 6.3.9(b)-(c)) when the selected area was moved from one side of the corner 
of the indentation to the other, which indicating the presence of a low-angle boundary which 
suggests a certain amount of stress relief along the ridge of the indentation. Figs. 6.3.10-11 
show the microstmcture immediately outside the indentation. The most important features 
are the fine but irregular distribution of S precipitates and the absence of dislocations, which 
shows that the material at this distance from the indentation has effectively been annealed by 
the ageing treatment. If the images are compared with the as-quenched and aged state in Fig. 
5.2.2, it does appear, however, that the precipitates are not only less regular, but also smaller, 
which would be a natural effect of the severe plastic deformation caused by the indentation 
prior to the ageing treatment.
6.4 SUMMARY OF RESULTS
6.4.1 Indentation, room-temperature aged specimens
• Vickers indentations produced impressions where the projected view of the
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indentation deviated from a square shape, depending on the orientation of the 
grain and the indentation. The shape was found to reflect variations in pile-up 
around the indentation. The maximum height of the pile-up was measured to 
be 2.2 qm, or 10 % of the indentation depth.
The slip lines generated by the indentation process were found to extend to a 
distance approximately three times the diagonal of the indentation.
• A dense distribution of dislocation was observed underneath the indentation, 
near the contact surface, when studied in TEM, and single dislocations could 
not be distinguished.
Outside the edge of the indentation the dislocation arrangement reflected the 
distribution of slip lines on the surface, with dense bands of dislocations where 
slip lines were visible on the surface.
6.4.2 Indentation, high-temperature aged specimens
• Slip lines generated by indentation were more diffuse, sometimes to the extent 
that they were beyond the resolution of the optical microscope.
• In the cases where indentations were introduced prior to the ageing treatment 
as well as after, the distribution of displaced material was almost 
indistinguishable, with the exception that the material pile-up in the latter case 
did not extend as far nor reach the same maximum height of pile-up as in the 
former. The maximum pile-up was measured to be approximately 3.1 pm, or 
15 % of the indentation depth.
• Very little dislocation activity was visible near the indentations compared to 
the RTA specimens, and non at all was observed if the ageing was carried out 
after the indentation had been made.
Underneath the indentation, near the contact surface, the dense dislocation 
structure observed appeared very similar to that observed in the RTA material. 
Even ageing of the indented material did not appear to significantly reduce the 
dislocation density in this area.
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T11
TT1
1T1
50|im
Fig. 6.2.1(a) Nomarski optical image of Vickers micro-indentation in RTA specimen with 
surface normal n = [0.86, -0.17, 0.48].
Fig. 6.2.1(b) Confocal laser scanning image. Topographical view of the indentation 
shown in Fig. (a), showing displacement of material.
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>►
T11
TT1
1T1
50 |im
Fig. 6.2.2(a) Second indentation in the same grain as the indentation in Fig. 6.1.1, 
showing distribution of slip around indentation of different orientation.
Fig. 6.2.2(b) Topographical image o f  the indentation in Fig. 6.2.2(a).
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f T11TT11T1
50 i^m
Fig. 6.2.3(a) Third indentation in the same grain as the indentation in Fig. 6.2.1.
Fig. 6.2.3(b) Topographical image o f the indentation in Fig. 6.2.3(a).
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T1T
5 0 0  nm
Fig. 6.2.4(a) Region inside an indentation edge in a RTA specimen, showing dense 
dislocation tangles. The appearance of a band is due to local bending of the 
lattice in the electron transparent region, g = 1Î1 /Ï1 Ï, B = [Î01].
T1T
5 0 0  nm
Fig. 6.2.4(b) Same area as in Fig. (a), g = Î1Î/111, B = [213].
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111
111
100 nm
Fig. 6.2.4(c) Details of dislocation tangles visible in the "band" in Fig. (a), g = 1Ï1/Ï1Î, 
B = [Ï01].
I l l
50 pm
Fig. 6.2.5 Areas near indentation in a RTA specimen studied in TEM.
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200 nm
Fig. 6.2.6 Dislocation structure at the indentation corner marked by arrow No. 2 in Fig. 
6.2.5. g = Ï1 Î , B = [Ï12].
1 pm
Fig. 6.2.7(a) Dislocation structure along the side of the indentation, marked by arrow No. 
1 shown in Fig. 6.2.5. g = ÏÎ1 , B = [Î32].
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200 nm
Fig. 6.2.7(b) Details of dislocation structure shown in Fig. 6.2.7(a), with slip mostly 
visible only on (111), g = 111, B = [Ï12].
Fig. 6.2.7(c) Same area as Fig. (b), different operating conditions, 
g = 200, B = [012].
200 nm
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T il
TT1
1T1
50 jim
Fig. 6.3.1(a) Indentation introduced into the same grain as indentations in Figs. 6.2.1-6.2.3 
after high-temperature ageing at 190° for 16 hours.
■
Fig. 6.3.1(b) Topographical image of indentation in Fig. 6.3.1(a).
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Â T i l
50  um
Fig. 6.3.2(a) Indentations introduced in grain with surface normal n = [0.17, -0.82, 0.55] 
before high-temperature ageing.
A
111
50  um
Fig. 6.3.2(b) Indentation in the same grain as shown in Fig. 6.3.2(a), after high- 
temperature ageing.
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1T1
111
Til
TT1
50 nm
Fig. 6.3.3(a) Indentations introduced in grain with surface normal n = [0.91, 0.15, 0.39], 
before high-temperature ageing.
A
TT1
Fig. 6.3.3(b)
50 um
Indentations introduced in the same grain as shown in Fig. 6.3.3(a), after 
high-temperature ageing.
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2 pm
Fig. 6.3.4 Region near indentation corner in a high-temperature aged specimen, 
g = 200, B = [Oil].
•f - . '
500 nm
Fig. 6.3.5 Region inside the edge of the indentation shown in Fig. 6.3.4, showing 
intense deformation and a bend contour giving rise to strong contrast. 
Many-beam condition.
114
Chapter 6 Results (II): Indentation
Fig. 6.3.6
500 nm
Region approximately 5 (im away from the corner of indentation, showing 
strain contrast due to S precipitates and dislocations, g = 200, B = [001].
250 nm
Fig. 6.3.7(a) Higher magnification of region in Fig. 6.3.6, showing S precipitates and 
dislocations, g = 111, B = [Ï12].
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Fig. 6.3.7(b)
250 nm
Same area as Fig. 6.3.7(a), with reduced diffraction contrast, showing 
dislocations between precipitates.
500 nm
Fig. 6.3.8 An indentation made in RTA material, followed by high-temperature ageing, 
showing bend contours inside the edge of the indentation, 
g = 111, B = [ÏI2].
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500 nm
Fig. 6.3.9 Corner of the indentation in Fig. 6.3.8, showing relaxation 
in the form of a tilt boundary. Superposition of SAD 
patterns inset. g = Ï1 Ï , B = [Oil].
r
: .i 250 nm
Fig. 6.3.10 Region near a corner of the indent in Fig. 6.3.8, showing area with fine 
precipitate distribution and free of dislocations, g = 111, B = [Oil].
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250 nm
Fig. 6.3.11 Higher magnification of an area in Fig. 6.2.10, with no dislocations, 
g = Ï1 Ï , B = [Oil].
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50 M.m
Fig. 6.4.1 Slip around indentation in grain of surface normal n = [0.93, -0.01, 0.38].
TT1
T11
111
1T1
50 |im
Fig. 6.4.2 Slip around indentation in grain of surface normal n = [0.94, -0.22, 0.28].
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T11
TT1
1T1
50 urn
Fig. 6.4.3 Slip around indentation in grain of surface normal n = [0.91, -0.04, 0.41].
TT1
1T1
50 |im
Fig. 6.4.4 Slip around indentation in grain of surface normal n = [0.92, -0.15, 0.35].
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Results (III)
The effect of indentation on fatigue
7.1 INTRODUCTION
Section 7.2 presents the results of the investigation into the effects of indentation on 
fatigue of the RTA material. This was carried out by analysing Nomarski images of the 
surface of the specimens after various stages of fatigue and by TEM of areas near 
indentations to find any effects on the formation of surface slip lines due to the indentation 
process. Cracks appearing at the indentations were also studied, and comparisons were made 
between the cracking from rounded and non-rounded indentations. SEM studies of details of 
deformation were earned out occasionally.
Section 7.3 contains the results for the HT A alloy. Comparisons were made between 
cracking from indentations introduced before and after the HTA treatment in order to assess 
the role of the plastic deformation due to the indentation process.
Section 7.4 is a summary of the most important results presented in this chapter.
7.2 THE EFFECT OF INDENTATION ON FATIGUE OF ROOM-TEMPERATURE 
AGED SPECIMENS
7.2.1 Surface slip markings
(a) Observations of slip in specimen J.
Specimen J was cycled at a plastic strain amplitude of = 1.5x10 '* and failed after 
Nf « 8,900. Table 7.2.1 gives the orientations of the indented grains in specimen J. Further 
details relating to the geometry of the indented grains are given in Appendix D.
4-Two distinct stages of fatigue slip step development were observed. During the first
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few cycles (N = 1 - 5), slip steps were often seen which subsequently remained,inactive for 
the rest of the fatigue life of the specimen. This was observed near indentations J1 and J11. 
In other cases initial slip was found along the traces of planes containing the most highly 
stressed slip systems in fatigue. This was observed near indentations JI7, 121 and J29.
Table 7.2.1 Tensile axes of indented grains in specimen J.
Indentation
J1
111
J17
J21
J29
Tensile axis, t
[-0 .23, -0 .05, 0 .97]
[0.28, -0 .52, -0.81]
[0.10, 0 .98 , 0 .20]
[0.06, -0 .72, 0 .69]
[-0.18, -0 .98, -0.02]
Ji7 
" •  J1 J21*J29e
Figs. 7.2.1(a-c) show the slip surrounding indentation J l. Indentation slip was visible 
mostly on (111), extending to r = 2a in the region 30° < (|) < 60°. The initial slip line 
formation shown in Fig. 7.2.1(b), after only one reversal, shows that the area around the 
indentation is favoured for slip, although not on the (111) planes where the main fatigue slip 
lines were observed, but on (111) in the azimuthal range 30° < (|) < 60° (2a < r < 2.5a), on 
(III) in the range 300° < (|) < 330° (r = 2a), and on (111) in the range 290° < (^  < 340° (r ~ 
2a). Fig. 7.2.1(c) shows the slip around the indentation after the specimen had failed. Slip 
is evident mainly on (111) planes^ where the highest resolved shear stress was found to be 
0.48 for V 2[0lI](Il 1). The slip steps penetrated the plastic region around the indentation 
except at (|) ~ 310°, where initial slip on (III) had been observed.
Figs. 7.2.2(a-d) show fatigue deformation around indentation J 11 in a grain orientated 
for dual slip, with m = 0.46 for both V2[011](IIl) and V2[10l](l 11). Indentation slip was 
found on all slip planes, extending to a distance of between r ~ 2a and 3a. Fig. 7.2.2(b) 
shows the slip line development after N = 100. Although the slip follows the trace direction 
of the main slip plane, initial slip on (111) has also taken place on two sides of the 
indentation, at (j) ~ 50° and 230°. The main slip system, on the other hand, does not seem to 
have been much affected by the indentation during the first cycles. The slip lines are seen 
to spread across a large area and not to favour the region close to the indentation. In Fig.
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7.2.2(c) the slip lines were found to have initiated PSBs, or more correctly in this case, single 
extrusions/intrusions. This was accentuated at <j) ~ 60°, and at N = 8,000 they had developed 
into a band with the highest density near a crack propagating into the grain from the corner 
of the indentation. In specimen J, this was the only indented grain which developed 
extrusions from slip lines. On the other side of the indentation to the PSBs, at ^ ~ 240°, the 
density of slip lines on the main slip system was found to be less than the average density 
of the slip-line distribution.
Table 7.2.2 Fatigue data for indented grains in specimen J.
Indent No. Highly stressed Resolved shear Initially active Main
(Fig. Nos.) slip systems stress factors (m) slip planes slip planes
Jl y2[01ï ] ( ï l l ) 0.48 ( 111), ( ï ï l ) ( 111)
y z [O ii]( ïî i) 0.47
(Fig. 7.2.1)
J l l Vè[011](Tïl) 0.49 (111) (111)
14[011](11I) 0.49 (111)
(Fig. 7.2.2)
J17 I6 [110] ( î l l ) 0.47 ( 111) ( 111)
16[1Î0](111) 0.46 ( 111)
I4 [0 1 1 ](îïl) 0.42
(Fig. 7.2.3) W 01ï ] ( l l l ) 0.40
J21 y2[ i ï o ] ( i i i ) 0.43 ( 111) ( 111)
y2[ i o ï ] ( i i i ) 0.42
(Fig. 7.2.4)
J29 y2[ o i i ] ( ï î i ) 0.47 ( 111) ( i l l )
y2[ o i i ] ( i i i ) 0.46 ( 111)
(Fig. 7.2.5)
Figs. 7.2.3(a-f) show the development of slip around indentation J17. The grain had 
a multiple slip orientation with high resolved shear stresses on V2[01Ï](111), V è[lÏ0 ](lll) , 
V2[110](îli) and V2[011](îïl). The dominant indentation slip was observed on (111) and 
(111), extending to a distance of between r == 2a and 2.5a. The development of slip traces 
in this grain suggests that the fatigue process may have been affected by fatigue hardening 
of neighbouring grains. Initial slip activity was found on (111), with the highest 
concentration of slip at (j) ~ 160° and 340°. Some slip was also generated on (111) at 40° < 
(j) < 70° in the extension of the slip band generated by the indentation. Observations at N = 
5 and 100 indicated that (111) contained the active slip system. After N = 100, slip on (111)
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dominated and (111) slip lines continued to spread until failure of the specimen. However, 
slip on V2 [ 0 1 1](II 1) may also have taken place, but with an angle between the Burgers’ vector 
and the surface normal of 85°, it would not be expected that slip on this system would 
produce large slip steps easily visible in the optical microscope.
Figs. 7.2.4(a-g) shows the development of slip around indentation J21 in a grain of 
dual slip orientation, which favoured slip on (111) and (111). Indentation slip was observed 
on all four slip planes, symmetrically distributed around the indentation, extending to r » 2.5a 
at (j) ~ 0°, 90°, 180° and 360°. Initial slip on (111) and (111) concentrated around the 
indentation. Figs. 7.2.4(c) shows that slip lines on (111) were produced only during the first 
few cycles. The slip-line pattern did not change significantly between N = 100 and failure 
of the specimen (Figs. 7.2.4(d-g)).
Figs. 7.2.5(a-e) show the slip around indentation J29 in another grain of dual slip 
orientation. Slip due to the indentation was observed mainly on (111) and (111), with some 
slip on the two remaining slip planes visible. Initial slip was found on (111) and (111), 
where slip on (111) extended from r ~ a to r » 3a at 20° < cj) < 60° and 140° < ^ < 250°, in 
extension of the slip bands generated by indentation. Slip on (111) took place mainly 
between N = 5 and N = 100, also from very close to the indentation, but located in a different 
area at 310° < (j) < 350° at a distance 2a < r < 3a from the centre of the indentation. 
Subsequent slip was found to take place on (111) during the first half of the fatigue life of 
the specimen, then taken over by slip on (III).
(b) Observations of fatigue slip near indentations in specimen (Î
Specimen G was cycled at a plastic amplitude of = 1.4x10'^ and failed after N « 
2,300. The orientations of the indented grains are shown in Table 7.2.3, and details of the 
fatigue conditions are given in Table 7.2.4, with further details given in Appendix D. The 
observations of slip made by optical examinations were different in one aspect. In specimen 
J, only one grain out of five which were studied had developed extrusions/intrusions, wheras 
in specimen 0 ,  bands of extrusions/intrusions (PSBs) developed in all but one of the five 
giains which were studied.
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Table 7.2.3 Tensile axes of indented grains in specimen G.
Indentation
G1
G5
G9
G25
G31
Surface normal, n
[0.22, -0.55, -0.81]
[0.04, 0.99, -0.10]
[0.31, 0.88, -0.35]
[-0.28, 0.41, 0.87]
[0.31, 0.22, -0.93]
G9
•  025
•  031 •  O I
# OS
Table 7.2.4 Geometrical data for indented grains in specimen G.
Indent No. Highly stressed Resolved shear Initially active Main
(Fig. No.) slip systems stress factor slip systems slip systems
G l I 4 [1 0 i] ( l l l ) 0.48 (111), (III) (111)
y2[101] ( l l l ) 0.38
(Fig. 7.2.6) yz[iio](iii) 0.36
05 14[110](111) 0.45 (III) (III)y2[iio](iii) 0.44
V 2 [0 1 î](lll) 0.42
(Fig. 7.2.7) I4 [0 1 1 ](ïïl) 0.41
0 9 y2[iio](iii) 0.45 ( 111), ( 111)*y2[oiî](iii) 0.43
(Fig. 7.2.8)
02 5 y2[ioï](iii) 0.47 (111) ( 111)
I4 [1 0 1 ](ill) 0.38
(Fig. 7.2.9)
031 y2[ioî](îii) 0.47 ( 111) (111). ( I l l )y2[ioï](iîi) 0.42 (111)
(Fig. 7.2.10) y2[oii](ïîi) 0.42
 ^ Frobably associated with tatigue detormation in an underlying gram
Figs. 7.2.6(a-d) shows the activity of slip around indentation G l. Slip due to the 
indentation process was found to concentrate in equal amounts on the four slip planes, 
extending to a distance o f r  = 2a. The orientation of the grain was found to favour single slip 
on y2[10Ï](lll). Initial slip on (111) was found close to the indentation after N = 20 (Fig. 
7.2.6(b)) at 140° < (|) < 160° and 310° < (j) < 340°, at a distance a < r < 3a, and on (ÏÏ1 ) at 
40° < (|) < 80° and at 220° < (|) < 270° at a similar distance. The initial slip lines appeared 
where the patch of indentation slip ended, but also to the side of the indentation slip lines
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close to the indentation. PSBs belonging to the primary slip system covered almost the entire 
surface of the grain after N = 2,000 (Fig. 7.2.6(d)). The regions "ahead of" (tj) -  45°) and 
"behind" ((]) ~ 225°) the indentation where found to contain a significantly lower density of 
PSBs than other regions of the grain.
Fig. 7.2.7(a-f) show the slip around indent G5, in a grain of multiple slip orientation. 
Strong indentation slip lines was observed only on (ÏÎ1 ), extending to r = 2.5a. Already after 
N = 10, most of the surface of the grain was covered with slip lines on (ÏÏ1). No initially 
active slip planes other than the (111) were observed which could be associated with the 
presence of the indentation, but particularly near the grain boundaries, slip on (111) and (111) 
were also observed (Fig. 7.2.7(b)). The density of PSBs varied across the grain, and after N 
= 2,000 the grain consisted of areas virtually free from slip lines and areas of intense PSB 
activity (Fig. 7.2.7(f)). Regions near the indentation in the trace direction of the fatigue slip 
was found to be "buffered" by the indentation, except where cracking appeared.
Figs. 7.2.8(a-f) show the slip activity near G9 in a grain where the development of slip 
differed significantly from slip in any other of the grains which were studied. Slip due to 
indentation did not extend further than r » 2a, with clearly visible slip mostly found on (111) 
and ( i l l ) .  Not much initial slip concentrated around the indentation was seen. Slip on ( i l l )  
very quickly covered the whole surface (Figs. 7.2.8(b-c)). After N = 100, localized slip on 
(111) was obseiwed to one side of the indentation. Fig. 7.2.8(e) shows that the variation was 
significant in other parts of the grain also. The slip pattern suggests that the grain may be 
shallow, causing the slip development to be affected by fatigue deformation in an underlying 
grain.
Figs 7.2.9(a-d) show the slip around indent G25 in a grain of single slip orientation 
with slip favoured on V 2[10l](lll). Indentation slip was observed all four slip systems, 
extending to r » 2.5a. Initial slip was observed on (111) at 110° < ^ < 130° and 280° < ([) 
< 320°, extending to r ~ 3a, but not as an extension of indentation slip which has been seen 
near many other indentations. At N = 2,000 most of the surface of the grain was filled up 
with areas of slip lines and areas of PSBs on (111).
Figs. 7.2.10(a-e) show the development of slip around indentation G31. Indentation 
slip was visible on (111) and ( i l l ) .  Initial activity (Figs. 7.2.10(b-c)) was found on ( i l l )  
next to the indentation at 10° < (j) < 60° and 200° < (j) < 260°, in extension of indentation slip 
on (111) from r =» 2a to r = 5a. Initial slip was also observed on (111) in a small patch at
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(|) ~ 0° and some slip lines further away from the indentation. PSBs on (111) covered most 
of the grain surface at N = 1,000, but the final stages of fatigue appeared to be concentrated 
on (111), with well-defined slip lines as well as cracking developing between N = 1,000 and 
N = 2,000. After the initial fatigue cycles, slip on (ÏÏ1) seemed to be restricted to the 
regions 50° < ^ < 135° and 225° < (j) < 310° throughout the fatigue life of the specimen.
7.2.2 TEM  observations, early stages of fatigue
Fig. 7.2.11 shows the region in a thin foil near an indentation in specimen A. The 
orientation of the grain was found to be close to t = [010], with high resolved shear stresses 
for slip systems on all four slip planes. The only slip lines visible on the surface of the 
region studied in TEM (at r « 1.75a) were those due to indentation slip on the (111) plane 
preceding the fatigue. Figs. 7.2.12(a-c) show TEM images of the marked region just above 
the largest hole near the edge of the foil. The same area is shown in contrast (Fig. 7.2.12(a)) 
and with reduced contrast (Fig. 7.2.12(b)), with the underlying dislocation structure seen in 
(a) matching the bands seen in (b). These bands match the bands seen in the optical 
micrograph. The bands corresponds to slip caused by the indentation, and was found to lie 
along the trace direction of (111), where the highest resolved shear stress factor was found 
to be m = 0.44 for V2[01Ï](111). Another band of defomiation is also visible in Fig. 7.2.12(a), 
in the direction (j) = 60°, and this band runs along the trace of (111) Slip on this plane did 
not result in any visible bands in this area when imaged with reduced diffraction contrast. 
Dislocation loops were observed in the areas studied and can be seen in detail in Fig. 
7.2.12(c). The size of the loops was typically -20  nm, i.e. significantly smaller than the loops 
found after quenching, and which appear to be absent in Figs. 6.2.7(a)-(c), which shows the 
dislocation structure after indentation only. The snucture is also seen to lack the regularity 
and of a quenched-in structure. However, if the orientation of the grain is taken into account, 
it would not be surprising to find only small amounts of fatigue defomiation.
Fig. 7.2.13 show an adjacent area. The dislocation structure in this area contained no 
signs of the indentation other than a higher density of dislocations in the direction of the trace 
of [111] planes. At higher magnification, the dislocation structure appears very similar to 
the structure of the starting material (RTA). Helices in three < 11()> directions can be seen, 
along with a partially visible set of helices seen noimal to g. Loops are also seen of 
approximately 50 nm diameter. It is therefore evident that the quenched-in dislocation
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structure has been less disrupted by the fatigue process.
7.2.3 Crack initiation and propagation
(a) Specimen J
Indentation J l developed very limited cracking, but indentations J l l ,  J 17, J21 and J29 
did develop cracks of length a or longer (as measured from the corner of the indentation). 
The length of all the cracks originating at indentations in specimen J were counted after N 
= 8,000 and N = 9,000, and the results are summarized in Table 7.3.1.
Table 7.3.1 Crack lengths and crack propagation rates between N = 8,000 - 9,000 for specimen J
Indent No. 4) Jl J2 J3 J4
Crack length (pm) and 90° 25 (5) 3.5 (3) 32 (2) >10 (-)
(Growth rate (nm/cycle)) 270° 0 (-) >18 (-) >25 (-) >55 (-)
J5 J6 J7 J8 19 JIO J ll
? (-) - (-) , 25 (0) 55 (5) 55 (25) 25 (5) ? (-)
>75 C) >50 (-) ^  25 (0) ? (-) ? (-) 20 (2.5) ? (-)
J12 J13 J15 J16 J17 J18 J19
10 (0) 40 (2.5) 45 (5) ? (-) 30 (13) 2 ( 10) 165 (7.5)
23 (2.5) 14 (4) ? (-) ? (-) 110 (30) 0 (-) 43 (20)
J20 J21 J22 J23 J24 J25 J26
? (-) 170 (55) ? (-) >113 (-) >100 (-) 10 (5) 15 (15)
? (-) 150 (35) ? (-) >110 (-) ? (-) 30 (10) 15 (15)
J27 J28 J29 J30 J31 J32 J33
30 (15) 30 (10) 115 (100) 30 (0) 45 (25) ? (-) 175 (98)
13 (7.5) 20 ( 10) 145 (110) 140 (105) 90 (50) ? (-) >48 (-)
PSB it was propagating along.
?: Refers to cracks that could neitiier be distinguished from PSBs after 8,000 nor 9,000 cycles.
The mean crack propagation rate between N = 8,000 and N = 9,000 was found to be: 
dl/dN = 18 ± 6 nm/cycle.
The correlation of crack traces and surface observations of fatigue slip are shown in 
Table 7.3.2.
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F ig . 7 .3 .2  Correlation o f  observed fatigue slip  and crack traces for specim en J.
Indentation No. Main active slip planes Crack traces
Jl (111) -
J l l (111) (Ill)
J17 (111), (111) (Til)
J21 (111) (111)
J29 ( i l l ) ,  (111) (Til)
Indentation J 1 did not give rise to cracking which propagated beyond the corners of 
the indentation.
Indentation J l l  produced cracks from both the corners at ({) = 90° and at (]) = 270°. 
The cracks already had a length of approximately 150 p.m or more after N = 6,000, and the 
cracks appeared to follow the slip bands of the (111) plane and become difficult to measure 
as the slip lines on (111) developed extrusions/intrusions.
Indentation J17 had high resolved shear stresses on three different slip planes, viz. 
( I l l ) ,  (111) and (ÏÏ1 ). The crack was found to propagate along the trace of the (ÎÏ1 ) plane. 
The relative extent of fatigue slip on the three planes is hard to assess, particularly since slip 
on (ÎÎ1 ) would not be expect to produce much surface slip damage (cf. App. D). A crack 
of ~20 fim had appeared at the corner at (j) = 270° of the indentation at N = 6,000, and this 
crack propagated at a rate of 30 nm/cycle (see Table 7.3.1).
Indentation J21 exhibited the fastest growing cracks of all the indentations studied. 
The grain was oriented for dual slip, although judging by the surface slip markings and 
correlating with the angles between Burgers’ vectors and the surface normal, slip on (111) 
dominated the fatigue deformation. The cracks, growing at the same rate from both two 
corners of the indentation, had a length of -40  |im  at N = 6,000, and propagated at rate of 
-55  nm/cycle.
Indentation J29 was oriented for dual slip on (111) and (ÎÎ1 ), but had quite high 
values for the resolved shear stresses for slip systems on (111) and (111) as well. At N =
6,000, a crack of length -10  |im had appeared at (}) = 270° which propagated slowly at first 
but fast between N ?= 8,000 and N = 9,000 as it linked up with the trace of the (ÏÏ1 ) plane.
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(b) Specimen G
Specimen G was cycled at a constant plastic strain amplitude of = 1.4x10'^, more 
than an order of magnitude higher than specimen J. The damage characteristics reflected this 
difference, and not only fatigue slip, but the cracking behaviour was also different. As with 
specimen J, cracks started to appear approximately halfway into the fatigue life, which in the 
case of specimen G was Nf « 2,300. The size of the indentations was smaller, but the cracks 
appeared to grow to approximately the same lengths relative to the size of the indentations 
as was found for specimen J.
Three of the five indentations developed cracks. Table 7.3.3 shows the correlation of 
observed slip activity in the surface and the appearance of cracks.
T ab le  7 .3 .3  Correlation o f  obseived  fatigue slip  and crack traces fo r  sp ec im e n  G.
Indentation No. Main active slip planes Crack traces
G l (111) -
G5 ( ï ï l ) ( Ï Ï  I)*
G9 (1Î1) (111)
G25 (111) -
G31 (Ï11) (1Ï1)
* Another crack appeared at () = 270", which could not be associated with a 1111) trace.
No cracks at all could be seen at the corners of Indentations Gl and G25, the cracks at 
indentations G5 and G9 were rather well developed after N = 1,000, and the crack at 
indentation G31 seemed to propagate mainly between N = 1,000 and Nf.
7.2.4 The effect of rounded indentation edges
Specimen E was cycled at a plastic strain amplitude of 6p = 2.5x10 '' until failure after 
approximately N = 10,000. One side of the fatigue specimen was indented followed by 
electro-polishing, and the other side indented after electro-polishing, producing rounded and 
sharp-cornered indentations on the two sides, respectively. The onset and propagation of 
cracks were then studied. The results are summarized in Tables 7.3.1 and 7.3.2.
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T ab le  7.3 .1  Crack lengths (|a.m) measured from non-rounded com ers o f  indentations in specim en E.
Indent No E l E2 E3 E4 E5 E6 E7
<|) = 90® 182 7 55 88 '83 36 805
(j) = 270® 301 5.5 58 61 33 138 1304
E8 E9 ElO E l l  ' E12 E13 E14 E15
97 19 353 41 199 28 30 253
83 75 460 5.5 161 50 14 475
T ab le  7.3 .2 Crack lengths (p.m) measured from the com ers o f rounded indentations in specim en E
Indent No E16 E17 E18 E19 E20 E21 E22
(1) = 90° 0 270 0 0 17 36 28
(j) = 270® 0 298 44 19 17 77 39
E23 E24 E25 E26 E27 E28 E29 E30
0 0 0 0 1198* 0 0 132
0 0 33 3 395 28 52 30
1 he crack linked up wiui indent No. 3u
The average crack lengths for the two types of cracks were found to be L j^ nd= 96 ±
43 |im for the rounded indents, and L = 183 + 51 |im for the cracks originating from non-
rounded indentations.
Indent E16 is shown in Figs. 7.2.12(a-b) where it can be seen that the crack has in fact 
been initiated, but that by the time the specimen had failed, the crack had not yet propagated 
beyond the corners of the indent. The crack can be seen to follow a non-crystallographic path 
which is directed by the stress concentration along the ridge of the indent.
7.2.5 TEM observations of region near a crack
Fig. 7.2.16(a-c) show a region around a crack tip from an indentation in specimen E. 
The crack was not found to lie along the trace of a (111) plane. The crack, which was 
measured to be approximately 40 p.m long measured from the corner of the indentation, 
appeared to follow the orientation of the trace of the (100) plane. In Figs. 7.2.16(c) it is 
evident that the crack trace is not straight, and it was found that it followed the direction of 
the indentation diagonal. The crack on the other side of the indentation was found to
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propagate along the trace of the (111) plane. The areas around the crack are seen to be filled 
up with a high density of dislocations. The orientation of the grain was found to be t = [0.91, 
-0.21, 0.37], with high resolved shear stresses for slip on (111) and (111). None of the 
operating reflections tried (200, 020, Ï1 Ï) produced conditions of invisibility for all 
dislocations. The dislocation structure contained no band-like structure, which was most often 
seen after fatigue, except for in a grain in specimen E orientated for multiple slip (Fig. 
5.3.22). The regions of misorientation in the foil, signified by changes in the image, may be 
a real effect, but may also be due to residual stresses associated with the crack, which cause 
a buckling of the foil as it is being thinned to electron transparency. As the surrounding 
material is significantly thicker (the crack path was preferentially thinned), the effect is not 
likely to be due to handling.
7.3 THE EFFECT OF INDENTATION ON FATIGUE OF HIGH-TEMPERATURE 
AGED SPECIMENS
7.3.1 Surface observations of fatigue slip
(a) Observations of slip on specimen H
Specimen H was cycled at a constant plastic strain amplitude of Cp = 1.8x10"^. 
Examinations by optical microscopy were carried out after N = 0, 1, 5, 100, 500, 5,000,
6.000, 7,000, 8,000 and 9,000. Micrographs were taken, and the development of slip lines 
and cracks was monitored. The geometrical data for the grains which were studied have been 
summarized in Tables 7.3.1-2.
The sequence of intioducing indentations into specimen H was as follows: 
Indentation —> electro-polishing -> indentation —> HTA treatment —> indentation —> fatigue. 
It was therefore possible to make direct comparison between the effects of indentations 
introduced at various stages of specimen preparation. Large grains could accommodate 
indentations from all three stages, and the smaller grains which were studied contained 
indentations fi’om the second and third stages. When the fatigue test was stopped after N =
13.000, all indentations from the third stage had developed cracks, and two of each of the 
indentations from the first and second stages had developed cracks which had propagated 
beyond the corners of the indentations.
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Table 7.3.1 Tensile axes for indented grains in specimen H.
Indentation No. Tensile axis 
(t)
H7 - H8 [-0.80, -0.43, 0.42]
H ll - H12 [0.21, 0.95, 0.23]
H19 [0.02, 0.81, -0.59]
H32 - H34 [0.12, -0.81, -0.58]
m i H32
Table 7.3.2 Geometrical data for fatigue specimen H
Indent Nos. Highly stressed Resolved shear stress Observed fatigue
(Fig Nos.) slip systems factors slip planes
H7 - H8 I 4 [1 0 l] ( l l l ) 0.40 -
I4 [1 1 0 ]( lll) 0.40
(7.3.1) y2[101] ( I l l ) 0.41
H ll  - H12 y2[iio](iii) 0.46 ( I l l )yaLOiiKiii) 0.45
(7.3.2) y2[iîO](iii) 0.42yzEoiî](iii) 0.41
H19 y2[iïo](iii) 0.47 (111)yz[iio](iii) 0.46
(7.3.3)
H32 - H34 yz[iio](iii) 0.48 (111)yzEiiOKlii) 0.42 (ill)
(7.3.4-S)
Figs.7.3.1(a-b) show the fatigue of indentation H7 in a grain of multiple slip 
orientation introduced after the HTA treatment. Fig. 7.3.1(a) shows indentation H-7 at N = 
0 and Fig. 7.3.1(b) shows the indentation at N = 5,000, the stage when cracking was first 
detected from one of the corners of the indentation. An indentation introduced prior to the 
ageing treatment was used to calculate the orientation of the grain. The surface of the grain 
was affected very little by the fatigue process, and only very faint slip lines corresponding 
to slip on the two most highly stressed planes, (111) and (111) could be seen. These slip 
lines were, however, found to concentrate around the indentation, extending from where 
indentation slip had occurred.
Figs. 7.3.2(a-d) show indentations H l l  and H12. The grain had a multiple slip 
orientation. Figs. 7.3.2(a) and 7.3.2(b) show indentation HI 1 after N = 0 and N = 5,000. No 
change was found close to the indentation, but faint slip lines along (111) where seen in the
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extension of the indentation slip. Figs. 7.3.2(c) and 7.3.2(d) show indentation H I2, introduced 
after the HTA treatment after N = 0 and N = 5,000. The density of slip lines on (111) appear 
to be higher near the indentation than elsewhere on the surface of the grain.
Figs. 7.3.3(a-b) show indentation H19 in a grain of dual slip orientation. After N =
5,000, faint slip lines were observed on the (111) and (111) planes, which both contained one 
highly stressed slip system each, V2[1Î0](111) and 16[110](Il 1) respectively, but no more 
fatigue slip was observed in the grain between N = 5,000 and N = 13,000.
Figs. 7.3.4-5 show indentations H32 - H34 in a grain of similar orientation to H I9. 
In this grain, the amount of surface slip markings was extensive when compared with the 
other grains which were studied. Slip lines corresponding to slip on (111) accumulated in 
bands which did not, as was normally found on RTA specimens, traverse the entire grain 
surface from one grain boundary to the opposite grain boundary. The orientation of the bands 
varied from approximately parallel to (111) slip line traces and approximately parallel to the 
(111) slip line traces.
(b) Observations of slip on specimen F
Specimen F was cycled at a plastic strain amplitude of e,, = 1.6x10''' until failure at 
Nf = 28,000. Table 7.3.2 summarizes the geometrical analysis of indentations introduced after 
the ageing treatment.
Table 7.3.3 Tensile axes for indented grains in specimen F.
Indentation No. Tensile axes 
(t)
FI [0.99, 0.07, 0.041
F2 [-0.83, 0.52, -0.22]
F6 [-0.99, 0.04, 0.09] t - l  V
In dentations w ere in trod u ced  both  b efo re  and a fter  a g e in g  in order to  study the 
d iffer en ce s  b etw een  the e ffe c t  o f  an in d en ta tion  around w h ich  the resid ual s tre sses  w o u ld  be  
p artia lly  re laxed  and that o f  an in d en tation  in trod u ced  after a g e-h a rd en in g , w h ich  w o u ld  be  
su iT ounded by a h igh er d en sity  o f  d is lo c a tio n s . In the c a se  o f  grains in dented  after a g e-
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hardening, only some of the grains where indentations had been introduced after the ageing 
treatment provided sufficient information, in the form of slip lines, to enable a more detailed 
geometrical analysis of the grain geometries. These are shown in Tables 7.3.3-4.
Table 7.3.4 Geometrical data for indented grains in specimen F
Indent No. H ighly stressed R esolved Observed fatigue
(Fig. N os.) slip  system s shear stresses slip planes
FI y z [ lïO ]( lll ) 0.42 ( 111)
t 4 [ l0 1 ] ( l l l ) 0.43
V2[101] ( I l l ) 0.44
(7.3.6(a-b)) V2[110] ( ï l l ) 0.42
F2 V H lO lK lll) 0.48 ( 111)
(7.3.9(a-b))
F7 V2[1Ï0] ( Ï Î 1) 0.44 ( Î Ï 1), (111)
V2[101] ( I 11) 0.39
V 2 [n o ]( ïi i) 0.44
(7.3.7(a-b)) V2[101K Î11) 0.41
Fatigue slip in specimen F was found to be very similar to what was observed in 
specimen H. Some grains showed very little surface slip. Examples of this are the grains 
containing indentations F-1, F-2 and F-7, shown in Figs. 7.3.6, 7.3.9 and 7.3.7, respectively. 
Only very faint and diffuse slip lines or bands are visible in these grains, even after failure 
of the specimen.
Fig. 7.3.8 shows indent F I5 in a grain where it was not possible to work out the 
orientation based on the slip lines as only two sets of slip lines are visible, but where the slip 
markings in one direction were quite similar to slip lines observed in naturally aged 
specimens, with slip markings covering the entire grain surface. The difference consists in 
the amount of cross-slip evident in the surface, visible as a lack of straightness of most of the 
lines. Some lines are rather straight and narrow, however, which would suggest less cross­
slip in certain areas.
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7.3.2 Cracking from  indentations
(a) Cracking from indentations in specimen H
The cracks were measured at regular intervals, and the average crack propagation rates 
were calculated. The results are summarized in Table 7.3.2.
Table 7.3.2 Crack growth increments (nm/cycle) at <|> = 90° / 270° and average growth rates of cracks 
observed on specimen H.
5000* 6000 7000 8000 9000 11 000 13 000 da/dN,,.
(nm/cycle)
H2 - 2.5 0 2.5 5 1.6 2.4 2.3 ± 1.6
2.5 4 3.5 1.25 0 1.6 2.6 ± 1.2
H6 - 5 1.25 3.1 2.1 3.0 ±1.6
5 0 1.5 2.25 1.25 1.6 4.4 2.3 ± 1.8
H7 2.5 1.25 2.5 2.5 2.5 1.6 2.4 2.4 ± 0.4
4 1 3.5 5 4 3.4 # 3.5 ± 1.3
H12 5 4 4.5 6.5 5 # 6.3 5.4 ± 1.4
- 5 7.5 2.5 5 0 4.8 5.3 ± 1.9
H15 3,5 1.5 2.5 2.5 3.5 3.1 1.6 2.6 ± 0.8
6 6 5 5 7.5 4.7 7.1 6.0 ± 1.1
H19 10 7.5 7.5 10 7.5 6.3 8.7 8.2 ± 1.4
17.5 7.5 10 10 10 6.3 13.4 9.5 ± 2.5
H25 8.5 6.5 5 5 0 3.2 20.5 6.7 ± 3.2
5 7.5 2.5 7.5 22.5 # 7.1 8.7 ± 7.0
H29 - 1 1.5 2.5 0 3.1 1.6 1.6 ± 0.5
- - 2.5 10 0 2.4 3.7 ± 2.5
H34 20 9 7 6 29 5 14 11.7 ±4.1
15 7.5 5 10 10 10 10 8.8 ± 0.9
H8** - - 5 1.5 2.25 1.6 1.6 2.4 ±1.5
3.5 1.5 2.5 4.7 0.8 2.6 ± 1.6
HIT - - 3.5 0 4.8 4.2 ± 0.9
5 5 3.2 2.2 3.9 ± 1.4
H9§§ _ - - 2.5 1.6 2.4 2.1 ± 0.5
5 0 2.5 7.5 3.1 5.5 4.7 ± 2.0
*: Crack lengths mettsured after 5000 cycles 
#: Could not be measured due to surface contamination
indentation introduced prior to etectro-polishing
The average surface crack propagation rate is was calculated to be 4.8 ± 0.5 nm/cycle.
Figs. 7.8.4(a-c) show indentation H19 in a grain which was found to exhibit the
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highest crack propagation rate (for cracks not associated with branching) of all the grains 
which were studied. The cracks were not found to propagate in a direction which consistent 
with the ti'ace direction of any of the {111} slip planes, but the trace analysis showed that 
surface Pace of the crack varied between 0° and 5° from the trace direction of the (010) 
plane, with a surface normal fonning an angle with the tensile axis of 36°. The 
corresponding angles for (100) and (001) were 89° and 64°, respectively.
Figs. 7.8.5(a-d) shows the crack initiated at indentation H34, where cracking was 
initiated at N = 5,000. The crack was found to propagate along two directions, one which 
was found to be close to the trace of the (010) plane. No crystallogiaphic plane was found 
which would intersect the surface in a direction close to the trace of the other main direction 
of the crack. No cracking was observed from the other two indentations in this grain, made 
prior to the electro-polishing and the HTA treatment.
(b) C racking from  indentations in specimen F
The cracks initiated by the indentations were measured, and a comparison was made 
between the lengths of cracks initiated at indentations introduced before and after the HTA 
treatment. The results are summarized in Tables 7.8.4(a-b).
Table 7.3.3(a) Crack lengths (pm) in specimen F at Nf = 28,000, for indentations introduced after 
artificial ageing treatment of specimen F
Indent: FI F2 F3 F4 F5 F6 F7 F8
4=90° 61 63 30 14 88 55 92 69
4=270° 33 75 23 5.5 57 52 77 57
F9 FIO F ll F12 F13 F14 F15 F16 F17
36 28 32 65 46 14 182 28 19
58 26 30 62 37 12 81 25 28
The results showed agreement with the observations which were made on specimen H, in that 
cracking from indentations introduced prior to the ageing treatment was inhibited. The 
measured crack lengths in specimen F at N = Nf were L = 31 ± 5 pm for indentations 
introduced prior to ageing and L = 49 ± 6 pm for indentations introduced after ageing.
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Table 7.3.2(b) Crack lengths (pm) in specimen F at Nf = 28,000, for indentations introduced prior 
to artificial ageing in specimen F
Indent: F18 FI9 F20 F21 F22 F23
4 = 90° 35 11 7 55 14 0
4 = 270° 55 23 22 54 28 63
F24 F25 F26 F27 F28 F29 F30
77 36 ' 55 17 3 11 8
102 46 55 4 8 8 8
The indentations which were studied in more detail (FI, F2 and F7), all showed 
different crack propagation behaviour. Table 7.3.3 shows the correlation of observed slip and 
crack traces for these three indentations.
Table 7.3.3 Conelation between observed fatigue slip and crack traces for specimen F
Indentation No. Main active slip planes Crack traces
FI (111) (111), unknown
F2 (111) (100), (010)
F7 ( i l l) ,  (111) (ÏÎ1). ( I l l )
Figs. 7.3.6(a-b) show indent FI in a grain of orientation i = [0.99, 0.07, 0.04]. Slip 
lines appeared mostly on (111), which probably corresponds to slip on V2 \ \ lO J(lîl), which 
was one of the most highly stressed slip plane for this orientation. The crack at 4 = 270° was 
not recognized as a low-index crystallographic plane. In Fig. 7.3.7(b) it can also be seen that 
this crack follows a curved path, which may imply that the crack is changing from one 
configuration to another. The crack trace direction roughly halves the angle between two sets 
of slip line traces, and it is not possible to have three [111] trace directions at such small 
angles. The crack at 4 = 90° appears to partly propagate along the (111) trace, and partly be 
deflected onto another plane.
The cracks initiated at the corners of indentation F7 (Fig. 7.3.7(b)) followed the pattern 
seen in the RTA material, although it is evident in the micrograph that the indentation 
following the trace of the (111) slip plane is not as smooth as was generally found in the 
naturally aged specimens.
Fig. 7.3.8 shows indent F15 in a grain where it was not possible to work out the
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orientation based on the slip lines as only two sets of slip lines are visible. The slip markings 
in one direction were very similar to slip lines observed in RTA specimens, with no fatigue 
slip lines in other directions being visible. The most interesting feature in the micrograph is 
the crack at 4 = 270°. Although the crack appeared to be smooth, the crack path was found 
to be curved, as distinct from the straight paths one normally associates fracture on 
crystallographic planes.
Fig. 7.3.9 shows indentation F2 in a grain of single slip orientation. The grain was 
also studied in TEM, and the orientations of the cracks were noted. The surface slip 
markings were found to consist of faint slip lines in the trace direction of the primary slip 
plane (111). The cracks initiated at the indent and were found to follow the same direction 
as that of the (111) plane along parts of the length of the crack. Parts of the crack was found 
to lie close to the trace direction of the (100) plane, which deviates from the (111) slip trace 
by approximately 20°. The surface traces of the small cracks were found to have an 
orientation normal to the main crack, and with a surface normal close to [158], this would be 
consistent with the surface trace of the (010) plane. The small cracks seen coming off the 
main crack on the other side of the indentation were found to have similar orientations.
(c) TEM observations of cracking from an indentation in specimen F
An area close to indentation F-2 (Fig. 7.8.9) was studied in TEM. Fig. 7.3.10 shows 
the areas of cracking at 4 = 90°. Due to the thickness of the specimen, no high magnification 
images could be obtained. The images, with their corresponding diffraction patterns, 
confirmed the orientation of the cracks are indeed not restricted to {111} planes as seems to 
be generally the case for short cracks in the RTA material. The micrograph shows cracks on 
two different {100} planes. The large crack was found to lie close to the [010] direction, and 
the small cracks normal to the dominant crack were found to lie parallel to the [100] 
direction. In the micrographs it can also be seen that the cracks run parallel with one set of 
S precipitates. The third set of precipitates (aligned along [001] direction) is seen as dots, 
since they were parallel to the zone axis. The gaps between the two sides of the cracks were 
found to be widest apart when the beam direction in the microscope was close to the [001] 
zone axis. Coupled with the fact that the surface traces corresponded to traces of the {100} 
planes, it seems quite likely that the cubic planes are crack planes.
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Fig. 7.3.11 shows the area along the edge of an indent in specimen F introduced after 
the HTA treatment. The micrograph was obtained near the corner of the indentation, which 
is the prefeiTed path for crack propagation. In the areas of contrast, a high density of 
dislocations is seen, but nothing other than the presence of the crack appears different when 
compared to the images of the as-indented material.
7.3 SUMMARY OF RESULTS
7.3.1 The effect of indentation on fatigue, room-temperature aged specimens
During the first few cycles (N = 1 - 5), a concentration of slip bands were 
found to appear close to the indentation, at a distance of 2a - 3a from the 
centre of the indentation.
• Further cycling tended sometimes to render the areas in front off and behind 
(relative to the direction of the slip lines) free of dislocations, at other 
indentations the slip lines would penetrate the indentation.
Cracking initiated along the ridge of the indentation orientated normal to the 
direction of cycling, and although the cracks were never associated with the
final failure of the specimen, they did not cease to propagate throughout the
fatigue life of the specimen.
Electro-polishing slowed down the initiation process of cracking.
Away from the indentations, the cracks propagated parallel to slip traces of 
{111} planes, sometimes where the surface was rough due to the formation of 
PSBs, but in other cases where little surface slip taken place.
7.3.2 The effect of indentation on fatigue, high-temperature aged specimens
• Initially, no slip activity was observed near the indentations at all, but after 
further cycling, the distribution of slip lines corresponding to active slip 
systems tended to concentrate more in the region surrounding the indentation. 
Cracking was preferentially initiated at the indentations in the same way as 
with the naturally aged material. Ageing after indentation delayed the onset 
of cracking.
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• Cracks would in some cases appear to follow trace directions of {111} planes, 
in other cases {100} planes, and in still other cases, the crack trace was at 
times observed to not be parallel with any simple crystallographic orientation 
or to follow a curved trace.
• Cracking from indentations appeared to be independent of the amount of 
surface slip.
141
Chapter 7 Results (III): Effect o f Indentation on Fatigue
Fig. 7.2.1(a) Indentation J l, as indented. 
N = 0.
50 M.m
50 pm
Fig. 7.2.1(b) Indentation J l, showing initial fatigue slip on (111). 
= lx lO \ N = 1.
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Fig. 7.2.1(c) Indentation J l, showing fatigue slip and appearing crack. 
E„ = 1x10*, N = 8,000.
50 pm
111
TT1
1T1
T il
50 |im
Fig. 7.2.2(a) Indentation J l l ,  as indented.
N = 0.
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111
TT1
1T1
T il
50 |im
Fig. 7.2.2(b) Indentation J l l ,  showing initial fatigue slip on (111). 
Ep = 1x10 ", N = 100.
Fig. 7.2.2(c)
TT1
1T1
T il
50 M.m
Indentation J l l ,  showing PSBs and crack from the indent on (111), 
e, = 1x10", N = 6,000.
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111
TT1
1T1
T il
50 urn
Fig. 7.2.2(d) Indentation J l l ,  showing widening of the region of cracking on one side 
of the indentation. £p = 1x10" ,^ N = 8,000.
50 M.m
Fig. 7.2.3(a) Indentation J17, as indented.
N = 0.
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T11
50 [im
Fig. 7.2.3(b) Indentation J17, showing initial fatigue slip on (111) and (111). 
= lx lO \ N = 1.
50 pm
Fig. 7.2.3(c) Indentation J17, showing little change in the initial fatigue slip pattern, 
e, = lx l ( ) \  N = 5.
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T il
50 urn
Fig. 7.2.3(d) Indentation J17, showing dominant surface slip changing from (111) to 
(111). e„ = 1x10"'. N = 100.
50 urn
Fig. 7.2.3(e) Indentation J17, showing appearance of cracking at comer of indentation. 
e„ = l x l ( ) \  N = 6,000.
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50 M.m
Fig. 7.2.3(f) Indentation J17, showing crack propagating on (111). 
= 1x10 % N = 7,000.
Ar T11 TT11T1111
Indentation J21, as indented.
N = 0.
50 pm
148
Chapter 7 Results (III): Effect o f Indentation on Fatigue
T11
50 iim
Fig. 7.2.4(b) Indentation J21, showing initial fatigue slip on (111) and (111).
e„ = 1x10 % N = 1.
T11
111
TT1
1T1
TT1
1T1
50 tim
Fig. 7.2.4(c) Indentation J21, showing no change in appearance of initial fatigue slip, 
e, = 1x10", N = 5.
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T11
TT1
1T1
111
50 |im
Fig. 7.2.4(d) Indentation J21, showing appearance of crack on (111). 
e„ = 1x10^, N = 6,000.
T il
TT1
1T1
111
50 um
Fig. 7.2.4(e) Indentation J21, showing the crack from indentation.
= 1x10% N = 9,000.
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T11
TT1
1T1
50 um
Fig. 7.2.5(a) Indentation J29, as indented, 
N = 0 .
Â T11
TT1
1T1
Fig. 7.2.5(b) Indentation J29, showing initial fatigue slip on (111). 
£p = l x l O \  N = 5.
50 pm
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50 L im
Fig. 7.2.5(c) Indentation J29, showing fatigue slip, mainly on (111). 
e„ = lx lO \  N = 100.
T11
TT1
111
Til
50 pm
Fig. 7.2.5(d) Indentation J29, showing dominant fatigue slip and appearing crack on
(TÎ1).  e = l x l O \  N = 6,000.
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50 pm
T11
TT1
Fig. 7.2.5(e) Indentation J29, showing crack on (ÎÎ1 ), and crack appearing on (111). 
£p = l x l O \  N = 8,000.
Fig. 7.2.6(a) Indentation G l ,  as indented.
N = 0.
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50 pm
Fig. 7.2.6(b) Indentation G l, showing initial fatigue slip on (111). 
e„ = 1 .4x lO \ N = 20.
50 pm
Fig. 7.2.6(c) Indentation G l ,  showing fatigue slip on (111).
e„ = 1 .4 x lO \  N = 1,000.
154
Chapter 7 Results (III): Ejfect o f Indentation on Fatigue
T11
m
1T1
50 [im
Fig. 7.2.6(d) Indentation G l, showing little development in fatigue slip, and no 
cracking. Ep = 1.4x10 N = 2,000.
Fig. 7.2.7(a) Indentation 0 5 ,  as indented.
N = 0.
50 |im
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50 nm
Fig. 7.2.7(b) Indentation G5, showing pronounced surface relief after N = 10. 
e„ = 1.4x10 ", N = 10.
50 um
Fig. 7.2.7(c) Indentation G5, showing areas o f  PSBs and also clear areas.
= l . 4 x l O \  N = 1,000.
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50 |im
Fig. 7.2.7(d) Indentation G5, showing cracking on (ÎÎ1). 
Ep = 1.4x10 ’, N = 2,000.
Fig. 7.2.8(a) Indentation G9, as indented.
N = 0.
50 |im
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T11
111
50 urn
Fig. 7.2.8(b) Indentation G9, showing even distribution of initial slip in the grain. 
e„ = 1 .4xlO \ N = 20.
50 urn
Fig. 7.2.8(c) Indentation G9, showing slip on (111) in the region
= 1.4xlO\  N = 100.
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50 urn
Fig. 7.2.8(d) Indentation G9, showing distribution of slip in the grain, with indications
of Influence of an underlying grain. £p = 1.4x10 N = 1,000.
T11
111
50 pm
Fig. 7.2.8(e) Indentation G9, showing crack on (111).
E,, = 1.4x10 ’, N = 2,000.
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,T11
1T1
5 0  urn
Fig. 7.2.9(a) Indentation G25, as indented. 
N = 0.
Fig. 7.2.9(b) Indentation G25, showing initial fatigue slip on (111).
= 1 .4 x lO \  N = 10.
T11
1T1
TT1
50 pm
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.T11
50 urn
Fig. 7.2.9(c) Indentation G25, showing little change in appearance of surface slip. 
e„ = \ A x \ 0 \  N = 100.
.T11
50 pm
Fig. 7.2.9(d) Indentation G25, showing PSBs on (111), but no cracking.
Ep = 1 .4 x lO \ N = 2,000.
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41.
T il
111
50 urn
Fig. 7.2.10(a) Indentation G31, as indented. 
N = 0.
Fig. 7.2.10(b) Indentation G31, showing initial fatigue slip on (111).
e„ = 1 .4 x lO \  N = 10.
T il
50 pm
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Fig. 7.2.10(c) Indentation G31, showing PSBs forming on (111).
£p = 1.4x10 % N = 1,000.
Fig. 7 .2 .10(d) Indentation G31, showing severe cracking on (111).
T il
111
50 urn
T il
50 pm
= 1.4x10 % N = 2,000.
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111
20 um
Fig. 7.2.11 Slip near indentation in specimen A. Marked area studied in TEM.
e„ = 1.1x10", N = 20.
1 pm
Fig. 7.2.12(a) Dislocation structure at marked area in Fig. 7.2.11.
e„ = 1.1x10% N = 20. g = ÎÏ1 , B = [Oil].
164
Chapter 7 Results (III) : Effect o f  Indentation on Fatigue
Fig. 7.2.12(b)
1 um
Same area as Fig. 7.2.12(a), showing thickness contours which coincide 
with slip steps at marked area in Fig. 7.2.11. Ep = i.lxlO"*, N = 20.
500 nm
Fig. 7.2.12(c) Detail of dislocation structure in Figs. 7 .2 .12(a-b).
e„ = 1.1x10% N = 20, g = ÏÎ1 , B = [Oil].
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2 um
Fig. 7,2.13 Dislocation structure of area to the right of hole near the marked area in
Fig. 7.2.11. Ëp = 1.1x10". N = 20, g = 020, B = [Î03].
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1TT
Fig. 7.2.14(a)
50 urn
Indentation E13, showing fatigue slip and cracking on (111) - thin foil. 
£. = 2 .5 x lO \ N = 10.000.
Fig. 7.2.14(b) Indentation E13, back-side o f  thin foil in Fig. 7.2.11(a), (mirror image).
e„ = 2 .5 x lO \  N = 10,000.
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a
i U K V  0 1  U U l
Fig. 7.2.15(a) Indentation E16 (electro-polished), showing a crack which has not reached 
the comer of the indentation. e. = 2.5x10 '*, N = 10,000.
Fig. 7.2.15(b) Detail o f  the crack propagating along rounded ridge o f  indentation E l 6.
e„ = 2.5x10-'. N = 10,000.
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M
1 pm
Fig. 7.2.16(a) Tip of crack formed at an indentation in specimen E.
£p = 2.5x10 N = 10,000, g = 020, B = [105].
500 nm
Fig. 7.2.16(b) Same area as in Fig. 7.2.16(a), different operating conditions. 
£„ = 2.5x10', N = 10,000, g = Ï1 Î , B = [112].
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100 nm
Fig. 7.2.16(c) High magnification o f the crack in Figs. 7.2.16(a-b), showing the 
undulating surface of the crack trace. Reduced diffraction contrast.
Fig. 7.2.17
200 nm
Crack propagating along the edge inside an indentation in specimen E, 
showing the changing path of the propagating crack. 
e_ = 2.5x10 ', N = 10,000, g = 200, B = [0Î3].
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Fig. 7.3.1(a) Indentation H7, as indented. 
N = 0.
111
50 um
A 111 111111
111
50 um
Fig. 7.3.1(b) Indentation H7, showing surface slip concentrated around the indentation
and a crack appearing at <)) = 90°. e = 1.6x10 ', N = 5,000.
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50 um
Fig. 7.3.2(a) Indentation HI 1, introduced prior to HT A treatment of specimen H. 
N = 0.
50 um
Fig. 7.3.2(b) indentation Hl l ,  showing fatigue slip close to the indentation.
Ep = 1.6x10", N = 5,000.
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V
50 um
Fig. 7.3.2(c) Indentation H12, introduced after HT A treatment of specimen H. 
N = 0.
50 um
Fig. 7.3.2(d) Indentation H12, showing virtually identical fatigue slip as observed near
indentation introduced prior to the HT A treatment.
e„ = 1.6x10', N = 5,000.
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Fig. 7.3.3(a) Indentation H19, as indented. 
N = 0.
I l l
50 um
111
50 um
Fig. 7.3.3(b) Indentation H19, showing cracking close to the trace of the (010) plane.
F = 1.6x10", N = 8,000.
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50 um
Fig. 7.3.4 Indentation H34, showing complex cracking in two directions.
£p = 1.6x10 N = 8,000.
Fig. 7.3.5 Grain in specimen H, containing indentations H32 - H34, where H33 was 
introduced prior to electro-polishing, H32 after electro-polishing, and with 
cracking appearing -only from H34, which was introduced after 
electro-polishing and HT A treatment, e = 1.6x10", N = 8,000.
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Indentation F6, as indented.
N = 0.
Fig. 7.3.6(b)
111
111
50 um
50 um
Indentation F6, showing cracking along trace direction which cannot be 
associated with a slip plane nor of a cubic plane. 
e =  1.0x1 ()■", N = 28,000.
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Fig. 7.3.7(a) Indentation F7, as indented. 
N = 0 .
50 um
111
\T
d l l
11
50 um
Fig. 7.3.7(b) indentation F7, showing cracking on or near the traces of (Ti l )  and ( i l l ) .
e =  1.0x10", N = 28,000.
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Fig. 7.3.8
50 um
Indentation F 15, showing fatigue slip similar in appearance to that found 
in naturally aged specimen and curved crack initiated at the indentation. 
£p = 1 .0 x l0 \ N = 28,000.
010
100
50 um
Fig. 7.3.9 Indentation F2, showing cracks along traces of two cubic planes (100) and
(010). e. = 1.0x10", N = 28,000.
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010
Fig. 7.3.10 Indentation F2, showing the crack traces lying parallell to the S
precipitates of the matrix, e = l.OxlO*", N = 28,000, g = 200, B = [001].
Fig. 7.3.11
500 nm
Crack inside an indentation in specimen F, showing high dislocation 
density in the region around the crack appearing in patches of
misorientation. £p = 1.0x10 N = 28,000, g = 111, B = [121].
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Chapter 8 
Results (IV)
Modelling of indentation and 
the effect of indentation on fatigue
8.1 INTRODUCTION
Modelling of indentation and the effect of indentation on fatigue was carried out by 
correlating the resolved sheai* stresses calculated from various models with the appearance of 
slip lines on the grain surfaces. The RTA material was ideal for this type of study because 
the coarse slip lines were easily observed in most cases. Slip lines on the surface of HT A 
specimens were not well defined, and the cracking behaviour was more complex. No 
correlation was found between observations of slip and cracking with the predictions of the 
models, and this material has therefore not been included.
In the following the term resolved shear stress (Trss) is taken to mean the resolved 
shear stress calculated from the total stress, i.e. the indentation stress fields in section 8.2, the 
sum of indentation stress fields and applied uni-axial stresses in section 8.3, and the sum of 
individually applied or combined stress fields employed in section 8.4.
The models investigated have radial symmetry so that the resolved shear stresses have 
the symmetry TrssC^ ) = %ss(<l^  + 180°). An angle, or a range of angles, between ()) = 0 and 
180° therefore implies <j) as well as ^ + 180°.
8.1.1 Indentation modelling
The stresses produced by indentation have been studied using four different models. 
These are the expanding cavity model due to Hill (Hill 1950), Johnson’s adaptation of Hill's 
model (Johnson 1970), Perrott’s indentation model (Perrott 1977), and the Swain and Hagan 
adaptation of a simple version of Taylor’s model for an expanding hole in a thin plate (Taylor
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1947, Swain and Hagan 1976). The pattern of slip lines around indentations was compared 
with the model predictions of resolved shear" stresses produced by peak loaded indentations. 
In the case of the first indentation, all four indentation models were used, but for reasons that 
became apparent only the model due to Swain and Hagan was applied to indentations in 
grains with other orientations.
From chapter 6, the observations of slip around indentations in different orientations 
suggested that the radial displacement of material from the comers is less then from the sides 
of the indentations. This was reflected in the observations of slip lines in these regions, 
where it was found that there are fewer slip lines there compared to radially away from an 
indent oriented with a side in place of the corner (cf. Figs. 6.2.2(a) and 6.2.3(a)). This will 
obviously upset the predictions of the indentation modelling, where radial symmetry is 
assumed.
8.1.2 Modelling of early fatigue slip
Calculations of residual stresses were used to model the early cycles of fatigue, on the 
assumption that the residual stress field set up by the partly relaxed indentation may influence 
the distribution of stresses during the first few fatigue cycles and thereby give rise to the 
surface slip lines that were reported in chapter 7, which appeared after the initial cycling but 
often remained inactive for the remainder of the fatigue life. The combined stress field to 
produce the surface slip was taken as a super-position of the a residual indentation stress field 
due to Swain and Hagan (1976) and a uniaxial stress, either tensile or compressive. The 
resulting distribution of values for the resolved shear stresses was then compared with 
observations of slip to see whether the predicted maxima in the resolved shear stress 
distribution matched the observed slip pattern.
8.1.3 Modelling of cracking at indentations
Very simple modelling was attempted in order to describe cracking, and also explain 
why some giains appeared more crack resistant. It was observed in chapter 7 that cracks 
emerged from the corners of the indentations, and SEM observations (Figs. 7.2.15(a-b)) 
showed that the cracks followed the inside ridges of the indentation oriented approximately 
normal to the tensile axis of the specimen. The cracks then continued propagating along the 
trace of a plane containing a highly stressed slip system. Calculations were carried out to see
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if there was a correlation between the concentration of stress due to a horizontally propagating 
crack and observations of cracking/no cracking. The effect of the impression (removed 
material) on the propagation of the cracks propagating along the surface was included by 
considering the stress field of a crack in a thin plate undergoing uni-axial tensile loading. 
Calculations were also made to see if  a correlation between observations of cracking and the 
resolved shear stresses due to a vertically propagating crack was found.
8.2 CORRELATION OF OBSERVED INDENTATION SLIP WITH MODEL
PREDICTIONS OF RESOLVED SHEAR STRESSES
8.2.1 Introduction
Indentation slip produced in six different grains was studied, of which two had 
indentations intioduced both before and after HT A treatment. The observations of surface 
slip were correlated with theoretical calculations of resolved shear stresses, on the assumption 
that high values of resolved shear' stresses on particular slip systems would correlate with 
regions of visible surface slip on the corresponding plane.
The calculations of resolved shear stresses were caii'ied out at a distance r = 1.5a from 
the centre of the indentations since this is where the most intense surface slip was generally 
observed. Indentation slip lines were normally found to extend to r = 2a - 3a. The surface 
normals of the six indentations studied are given in Table 8.2.1. In the text, the patches of 
observed slip lines are given in terms of the azimuth at the centre of the patches (e.g. (j) ~ 90° 
if  the slip was observed in an angular region centred at (j) = 90°), where ^  was defined in Fig. 
4.8.1. The results of the correlations between calculations and observations are reported in 
detail for indentations I-l and 1-2, and the results are shown in Figs S.2.2-3, where the 
azimuthal regions where slip was observed are indicated by vertical pairs of dotted lines. 
Results of the calculations for the other orientations (1-3 -1-6) are shown in the form of tables 
in appendix E. The general trend was similar to the what was found for indentations I-l and 
1-2. The dominant slip conelated reasonably well with the calculations of resolved shear 
stresses, but the degree of correlation was variable for the less dominant slip.
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Table 8.2.1 Surface normals of indented grains.
Indent
No.
Figure/Table
No.
Surface normal 
(n)
I-l Fig. 8.2.1-2 [0.93, -0.01, 0.38]
1-2 Fig. 8.2.3 [0.94, -0.22, 0.28]
1-3 App. D1 [0.91, -0.04, 0.41]
1-4 App. D2 [0.92, -0.15, 0.35]
1-5 App. D3 [0.17,-0.82, 0.55]
1-6 App.D4 [0.86, -0.17, 0.48]
1-2 
•  1-4
•  1-3
8.2.2 Com parison of indentation models and correlation with observations
(a) Indentation I - l
Surface slip near indentation near I-l, shown in Fig. 6.4.1, was correlated with 
calculated resolved shear stresses of all four models. The results of the calculations are 
shown in Figs. 8.2.1 (a-1), where each of the twelve figures shows the correlation between the 
resolved shear stress of a single slip system calculated from each o f the four indentation 
models and the observed slip. Figs. 8.2.2(a-d) show the predictions of the Swain and Hagan 
model only.
(!) ( I l l ) ,  Figs. 8.2.1(a-c) and 8.2.2(a)
In Figs. 8.2.1(a-c), it is seen that the distribution of the resolved shear stresses is 
independent of which model is applied, but that the relative magnitudes of the principal 
stresses of the different models do affect the magnitudes of resolved shear stresses. The best 
match between the observed slip and the predicted maximum shear stresses were found for 
T/^[110](lll), except for the resolved shear stresses given by Perrott’s model, which predicts 
similar resolved shear stresses on 1/2[1Ï0](111) and V2[10Î](111) at (j) = 120°, and 16[110](111) 
and V2[01Ï](111) at (j) = 320° , but also predicts equally high shear stresses half way between 
the observed patches of slip lines. It is also seen that Johnson’s model gives significantly 
higher resolved shear stiesses on V ^[110](lll) than the other two slip systems on (111).
(ii) ( i l l ) ,  Figs. 8.2.1(d-f) and 8.2.2(b).
All four models predict high resolved shear stresses on V z[0lï](ï 11) and 1/^[101](Ï11) 
at (j) = 90°, V2[01Ï](Ï11) at (j) = 240°, and 16[110](Tll) at (j) = 130° and (j) = 310°. Johnson’s 
model also predicts high shear stresses on I4[101](ïl 1) at (j) = 270°, where no slip was
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observed, whereas the other models, with the exception of Perrott’s model, only predicted 
relatively modest values.
(ill) ( i l l ) .  Figs. 8.2.1(g-i) and 8.2.2(c).
Slip on this plane was found in many patches around the indent, "interrupted" by slip 
lines corresponding to other planes. This is reflected in the model predictions in that the 
maxima of the predicted resolved shear stresses were found between the observed narrow 
patches of slip lines. All four models predict high resolved shear stresses on 16[1Ï0](ÏÏ1) and 
V2[011](ïïl) between the observed slip-line patches at (]) = 50° - 90° and (j) = 150° - 190° as 
well as at (|) = 10° and 260°.
(iv) ( l i l ) ,  Figs. 8.2.10-1) and 8.2.2(d)
Observed slip on (111) was not accounted for by the models, in that slip was observed 
where the models, with the exception of Perrott’s model, predicted minimum resolved stresses 
on all three slip systems at the centie of the observed slip patches, (j) = 100° and 190°. 
Perrott’s model predicts maximum shear stresses both in the areas with observed slip as well 
as between these areas.
All the models, with the exception of Perrott’s model gave qualitatively similar 
distributions of resolved shear stresses. H ill’s model cannot be correct at the free surface, but 
it was found to give similar values for the resolved shear stresses as the Swain and Hagan 
model. Johnson’s model does not satisfy the equilibrium conditions at the surface away from 
the indentation, and was in some cases found to predict large values for the resolved shear 
stresses where in fact no slip was observed. In all subsequent analyses, use was therefore 
made of the Swain and Hagan model only.
(b) Indentation 1-2, Swain and Hagan model
Indentation 1-2 is shown in Fig. 6.4.2
(i) (111), Fig. 8.2.3(a)
The model predicts high stresses in the areas where slip was observed. At (|) = 85° 
high resolved shear stress values are predicted for V2 [lî()](l 11) and V2[l()l](l 11), at (j) = 135°, 
V2[10Ï](111), and at (]) = 290° high resolved shear stresses are predicted on all three slip 
systems.
(ii) ( i l l ) ,  Fig. 8.2.3(b)
Again, the match between observations and predicted shear stresses was found to be
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good. The model predicts high resolved shear stresses on all three slip systems where slip 
was observed at (|) = 60°. For slip at (|) = 220°, the maximum resolved shear stress is found 
for V2[01Ï](Ï11), where the peak in the distribution matches the observed slip perfectly. At 
(]) = 270°, high values for the resolved shear stress is predicted for V2[110](ïll) and 
V2[011](lll).
(iii) ( i l l ) .  Fig. 8.2.3(c)
Slip on (ÏÏ1 ) was not completely accounted for by the model. The model predicted 
high resolved shear stresses on V2[011](ïîl) where no slip was observed. On the other hand,
the angle between [Oil] and the surface noimal is 88°, and little observable slip would
therefore be expected. In the other regions where high values for the resolved shear stresses 
are predicted, still higher values are predicted for other slip systems. There is therefore 
reasonable agreement between the model and the observations for slip on (ÏÏ1).
(iv) (111), Fig. 8.2.3(d)
Slip on (111) was veiy well accounted for by the model. Both for slip at (]) = 170° 
and 355°, high resolved shear stresses are predicted on V2[110](lîl) and V2[10Ï](1Î1).
8.3 RESULTS O F M OD ELLING  TH E EFFEC T O F INDENTATION ON THE
IN ITIA L STAGE OF FATIGU E
For reasons given in the previous section, only the Swain and Hagan model was used. 
All the indentations in specimens J and G were analyzed where initial slip was found to 
concentrate near the indentations. The expressions used for the calculations are given in 
appendix A5, and detailed results of these calculations are given in appendix F. The results 
were based on comparisons between the resolved shear stresses predicted by the residual 
stress model, with observations of slip, and the superposition of a uniaxial stress ( a j  on the 
residual stress distribution. Both compressive and tensile stresses were applied. The analysis 
does not represent an attempt at modelling the actual levels of stress in the material. Because 
the superposition of stresses does not take yielding into account, and because the indentation 
models do not consider work hardening, the result can only provide a measure of the relative 
magnitude of resolved shear stresses on the various slip systems, provided there is a 
correspondence between the calculations and the observations of slip. Fig. 8.3.1 gives the
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tensile orientations of the indented grains in 
the standard triangle and the corresponding 
indices are found in Tables 7.2.1-2.
It was assumed that the indentation 
process causes work hardening to occur in 
the deformed region around the indentation. 
This increase in the local yield stress was 
taken to be similar in magnitude to the 
applied fatigue stress, and the super-position 
was therefore carried out according to
(8.3.1) F ig. 8.3.1 Orientation oF tensile axes oF indented 
grains in specim ens J and G.
where Gtot is the total stress, is the
applied fatigue stress, and is the residual stress due to indentation. The resolved shear 
stresses were then plotted as normalized values of the resolved shear stresses calculated from 
the total stress
•RSS
NRSS (8.3.2)I RSSmax I
where 'Cnrss is the normalized resolved shear stress, Trss is the resolved shear stress, and 
TRssmax is the maximum value of the resolved shear stress for any slip system near a particular 
indentation.
Table 8.3.1 summarizes the comparison of slip observed during the initial cycling with 
predictions by the residual stress model due to Swain and Hagan. The sign of the uniaxial 
stress included in the table was chosen to give resolved shear stresses that best matched the 
observed slip. Also included in Table 8.3.1 are the Schmidt factors of slip systems for which 
the calculations gave high resolved stresses. These are included to show the relation between 
the fatigue of the grain and the initial fatigue slip near the indentation. Results of the detailed 
calculations are shown in appendix E.
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Table 8.3,1 Obseivations and modelling of initial slip near indentations in specimens J and G.
Indent
Nos.
Observations of initial slip Distribution of normalized resolved shear stresses
Observed slip 
planes
Azimuthal 
range ((}))
Slip
systems
m t-NRSS
(max)
Regions o f large
T-NRSS (^)
tensile or 
compressive
Ji (111)
(ÎÏ1)
(111)
20 - 70 
140 - 170 
110 - 160
V 2[10l](lll)
VzClOlKÏÏl)
I6 [1 0 l]( lll)
0.34
0.38
0.39
0.81
0.77
0.86
0 - 60 
140 -180 
135 - 180
Compressive
Compressive
Compressive
J ll (111) 10 - 70 Vè[110](ïll) 0.16 0.76 30 - 60 Compressive
J21 (111)
(111)
100 - 220 
20 - 50 
130 - 170
y a [1 0 l](lll)
16[110](Ill)
VzUOlKlll)
0.42
0.40
0.38
1.00
0.98
0.89
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0.42
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(a) Specimen J
Good overall agreement was found between the observations of initial slip and 
calculations of resolved shear stresses expected at this stage of fatigue. The tables with the 
calculated values are found in Appendix F.
Indentation slip on J1 was dominated by slip lines on (111), with little visible activity 
on the other three slip planes. Initial fatigue slip was also seen on (111), extending to r » 3a, 
but only on one side of the indentation (20° < (j) < 80°), which shows that the symmetry of 
shear stresses giving rise to slip is less than assumed by the radially symmetrical indentation 
models. Slip on (ÏÏ1 ) was observed at 1.5a < r < 2a in areas where high resolved shear 
stresses were calculated for two slip systems, of which one, V2[101](ïîl), would not be 
expected to show large steps on the surface owing to the small angle between Vaf lOl] and the 
surface. The other system (see Table 8.3.1) had slightly smaller values of calculated shear 
stresses, but in terms of the angular distribution seems to match observations best.
J l l  showed indentation slip on all four slip planes. Initial fatigue slip was observed 
on (111) extending to r ~ 3.5a, which covered the angular region showed in table 8.3.1, and 
which corresponded well to the calculations of resolved shear stresses.
Indentation slip near J21 was dominated by slip on (111) and (111), and initial fatigue
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slip was found on (111) and (111) extending to r « 3a, and the initial slip on both planes 
corresponded well with calculated resolved shear stresses as indicated in table 8.3.1.
The most clearly visible indentation slip near J29 was seen traces of (111) planes, with 
slip also visible on (111) and (111). Initial fatigue slip was observed on (111) and (111), in 
areas where high resolved shear stresses were also calculated (table 8.3.1), although the slip 
on (111) was observed a little to the side of the region where high resolved shear stresses 
were found. Also, initial slip on (111) was found to extend only r » 2a, whereas initial slip 
on (111) extended to r « 3a. This could imply that the shape of the indentation could be 
important, and alter the stress field significantly from radial symmetry close to the indent.
(b) Specimen G
For specimen 0 , which was cycled at a much higher amplitude and indented with 
smaller indentations, the agreement between calculations and observations was not as good. 
It can be seen in Table 8.3.1 that the azimuthal ranges in which high stresses are predicted 
do not agree with observations as well as in the case of specimen J.
Indentation slip on all four slip planes were observed near 01 . Initial fatigue slip near 
01  showed the poorest correlation between the obseiwations of slip and calculated resolved 
shear stresses. It can be seen from Table 8.3.1 that the match between calculations and 
observations was not very good, and the values for the stresses for slip systems V2 [l()l](ï 11) 
and 1/2[101](ÎÏ1), both extending to r = 3a, were relatively low, although they were the only 
possible candidates according to the calculations.
Indentation slip near 025 was observed on (111), (111) and (111). Initial fatigue slip 
was observed on (111), at a distance 1.5a < r < 2.5a, and calculations of resolved shear 
stresses showed that slip on V2[01Ï](Ï11) would be expected. High stresses were also 
calculated for slip on 16[10Î](111), but the angle of V2[1 0 1 ] to the surface was only 19°, a 
value which may be too small to observe slip lines easily.
Slip due to indentation near 031 was observed mostly on (111) and (111). Initial 
fatigue slip was observed on (111), extending as far out as r = 4.5a, which correlates fairly 
well with the calculations of shear stresses on V2[ l( ) l] ( l l  1). Initial slip was also observed on 
(ÎÏ1 ), in two patches, one close (a < r < 2a) and one further away (r > 2a), which did not 
seem to be directly related to the indentation in the same way that initial fatigue slip was 
normally seen. The patch close to the indent correlated fairly well with calculations of
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resolved shear stresses on V2 [ 0 1  l ] ( ï î  1), whereas the other area was in a region where no peaks 
in the distributions of resolved shear stresses occurred.
A reasonable interpretation of the results seems to be that the residual stresses of the 
indentation process have a significant effect on the slip deformation during initial cycling. 
The number of cycles this effect lasts must depend on the applied stress/strain amplitude, 
which is in the present case was significantly higher than the yield stress of the un-strained 
material in all the tests.
8.4 MODELLING OF STRESSES NEAR A CRACK AT INDENTATIONS
8.4.1 A crack propagating along the surface (HC/HCH models)
The stresses due to a crack were employed to model the stress concentration at the 
cracks propagating from the indentation corners. The horizontally propagating crack (HC) 
was taken to have of length equal to 21 = 5 fim. This is approximately the length cracks were 
sometimes observed to reach before they started propagating along the trace directions of a 
slip plane. The crack was oriented parallel to the direction of the diagonal of the indentations 
which was not far from normal to the tensile axis. The model considers only elastic
Top view
Side view
In d en ta tio n
H ole
T e n sileax is
C rack
P a th  of c a lcu la tio n s
of re so lv e d  s h e a r  s t r e s s e s
\ /
f^ain  p ro p ag a tio n  d irec tio n s  a s s u m e d  in th e  H CH m odel
(b)
Fig. 8.4.1 (a) HCH m odel for the stresses near a crack at indentation com er,
(b) A schem atic o f  the indentation and crack.
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properties of the material, and no assumptions were made as regards yielding of the material. 
The numbers produced are therefore only a measure of the relative resolved shear stresses, 
which was extrapolated to account for the variations in cracking resulting from plastic 
deformation. Consequently, the calculated resolved shear stresses are tabulated in a 
normalized form (App. G), where the highest resolved shear stress calculated on any system 
was taken as unity. The stress field due to a crack was calculated from the expressions given 
by Sih and Liebowitz (1968), which are presented in appendix C l.
The extension of the model included the superposition of the stress field near a crack 
with the stress field around a hole in a plate, where the diameter of the hole, positioned 
centrally inside the indentation, was set to aV2. A diameter equal to aV2 rather than to 2a 
was chosen to avoid a vanishing contribution to the radial stress at the corner of the 
indentation. The expressions of the stress field are given in appendix C3.
The model is shown in Fig. 8.4.1(a-b), with a schematic view of the indentation and 
the crack, and the expressions for the coordinates which were derived for the HCH model (r, 
(j); p a) are given in appendix C2.
8.4.2 A crack propagating into the bulk (VC model).
The second model which was applied was a plain strain solution of a crack in thick 
plate with a half length equal to the length of the crack in the HCH model, and oriented such
Side view, parallel 
to the crack plane
Side view, normal 
to the crack plane
P ath  of ca lc u la tio n s  of 
re so lv e d  s h e a r  s t r e s s e s
Main c rack  p ro p ag a tio n  d irection  
a s s u m e d  in th e  VC m odel
(a) (b)
Fig. 8.4.2 (a) The VC m odel.
(b) Schem atic indicating crack propagation direction.
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that it joined a line between the comers of the indentation where cracking normally appeared. 
The stresses of the crack were calculated from the expressions given by Hellan (1979), and 
are given in appendix C4, along with the appropriate expressions which were derived for the 
coordinates given in appendix C5. The VC model is shown in Fig. 8.4.2.
8.4.3 Results of modelling applied to indentations in specimens E, J and G.
In the presentation of results, the stress concentration on the planes where cracks 
appeared have been included, and correlations are made between the appearance of a crack, 
the crack plane and the resolved shear stresses on the relevant slip systems. The calculated 
results are nomralized values of the resolved shear stresses calculated using the stresses of a 
crack propagating along the surface (HC), the former superimposed on the resolved shear 
stresses due to a hole (HCH), and lastly the values calculated using the equations for a crack 
propagating vertically, i.e. into the bulk (VC). All the results are tabulated in appendix G.
(a) Specimen E
T ab le  8.4 .1  Correlation o f  m odelling and observation o f  cracking for indentation E l3.
Indent Crack
trace
Slip system Schm idt 
factor, m
R esolved crack lip stresses (norm alized)
HC HCH VC
V 2 [1 1 0 ]( lïl) 0 .43 0.69 0 .98 0.42
E13 (111) V 2 [1 0 1 ]( ll l) 0 .34 0.36 0.70 0.34
V2[0111(111) 0.09 0.33 0.28 0.07
Figs.8.4.3(a-b) and Table 8.4.1 show the resolved shear stresses on the (111) plane 
near indentation E13, on which a crack was observed. The results are also tabulated in Table 
G l(a-c), where it is seen that the high values of resolved shear stresses on the primary slip 
system calculated by the "horizontal crack + hole" (HCH) model correlates well with the 
observed cracking. High stresses are also predicted on one other slip system. The "vertical 
crack" model (VC) predicted little stiess enhancement on the same slip systems.
(b) Specimen J
Table 8.4.2 summarizes the results of the resolved shear stress calculations near 
indentations in specimen J, and Tables G2-6 show the results in tabulated form.
Tables G2(a-c) shows the resolved shear stresses on the plane where cracking would
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have been expected from indentation J l .  Only after the specimen had failed were very short 
cracks observed at the corners of the indentation. The dominant slip system in the indented 
grain was 1/2[01Ï](Ï11), with a Schmidt factor of m = 0.48. In Table G2(a) it is can be seen 
that the HCH model predicts reduced resolved shear stresses on 1/^[01Ï |(Î 11) at the corner of 
the indentation, which agrees with the resistance to cracking. The model does, however, 
predict high stresses on V2[101](ïll), and also on slip systems on other planes, which does 
not appear to make a significant difference. The only other slip system favoured for slip is 
y2[011](ïïl), with m = 0.47. The model predicts a reduction in the resolved shear stress for 
this slip system also. The VC model also predicted only a small degree of stress 
enhancement on the primary slip system.
T ab le  8 .4 .2  Correlation o f  m odelling and observations o f  cracking for specim en J.
Indent Crack Slip system Schm idt Norm alized RSS (t^Rss)
trace factor HC HCH VC
V 2 [1 1 0 ]( îll) 0 .13 0.35 0.06 1.00
J l - y 2 [ 1 0 1 ] ( l l l ) 0.35 0.33 0.71 0.38
W 1 11(111) 0.48 0.02 0.65 0.62
y 2 [ i ï o ] ( i i i ) 0.34 0.62 1.00 0.22
J l l ( I l l ) y 2 [ i o i ] ( i i i ) 0 .46 0.34 0.97 0.55
1/410111(111) 0.12 0.27 0.01 0.77
1/211101(111) 0.31 0.37 0.58 0.11
J17 (111) 1/211011(111) 0.11 0.72 0.18 1.00
1/210111(111) 0 .42 0.35 0.40 0.89
1/211101(111) 0.43 1.00 1.00 0.21
J21 (111) 1/211011(111) 0 .42 0.94 0.91 0.08
1/210111(111) 0.01 0.10 0.10 0.28
1/211ÎOKÎÎ1) 0.38 0.23 0.55 0.25
J29 (111) 1/ 21101K Ï Ï 1) 0 .09 0.25 0.06 0.75
1/210111(111) 0 .47 0.02 0.49 1.00
Tables G3(a-c) show the resolved shear stresses on the plane where cracking was 
observed from indentation 111. In this case, a crack was initiated quite early, propagating 
along a PSB on the (111) plane. The active slip system was calculated to be V2[10Ï](111), 
with m = 0.46. The HCH model predicts high resolved stresses on this plane at the corner 
of the indentation, in accordance with the obseiwations of cracking. A second slip system 
with m = 0.34 was found to have even higher predicted stresses. The VC model predicted 
only a modest stress enhancement on the primliry slip system.
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Tables G4(a-c) show the results of the calculations for indentation J17, where a 
different correlation was found between the predictions of resolved shear stresses and the 
observed cracking. According the orientation of the grain, slip on (111) and (111) is 
preferred to slip on (III), and the calculations of resolved shear stresses also favoured 
cracking on (111) rather than on ( I I I ) .  However, applying the VC model to the geometry 
of this grain resulted in large resolved shear stresses on the l/4[011](IIl) slip system, which 
would account for the fact that the crack may have had a prefened growth into the material,
but also the fact of the fast crack growth between N = 6,000 and N = 7,000 if the growth rate
reflects breaking through to the surface of an existing crack rather than even growth across 
the whole crack front.
Tables G5(a-c) show the calculations for indentation J21, where a very good 
correlation was found between calculated stresses and the observed cracking. High resolved 
shear stresses are predicted on two slip systems from the HCH model, both of which are 
favoured for slip in the giain away from the indentation. The VC model predicted no stress 
enhancement on the slip systems where this was predicted in the HCH model.
Tables G6(a-c) show the other indentation (J29) where the HCH model predictions of 
stresses did not correlate well with the observed cracking. Cracking was observed along the 
trace directions of (111), (111) and (III), the first one observed being on (III). The cracks 
at (|) = 90° and at (]) = 270° did not appear simultaneously, and may have initiated at different 
locations. A comparison between the resolved shear stresses on the (III) plane predicted by 
the HCH and VC models is shown in Fig. 8.4.4, where it is seen that cracking on (III) is 
consistent with the stress enhancement predicted by the VC model for slip system 
1/2[0 l l](IIl) ,  which was one out of two favoured slip systems. Cracking on (111) was 
consistent with the stress enhancement predicted by the HCH model on slip systems 
V2[ l l 0 ] ( l l l )  and V2[0 l l ] ( l l l ) .
(c) Specimen G
Table 8.3.3 shows the results of the calculations for specimen G, with further details 
given in Tables G7-11. Good correlation was found for all observations of cracks with the 
calculated shear stresses for the HCH model. Whenever a peak in the generally most highly 
stressed slip system coincided with a peak in the calculated resolved shear stresses near the 
corner of the indentation, a crack was observed. Conversely, if the calculations resulted in
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a drop in the resolved stresses at the corner of the indentation, no cracks were observed. 
Table 8.3.3 Conelation of modelling and observations of cracking for specimen G.
Indent Crack Slip  system Schm idt N orm alized R SS (Tnrss)
trace factor HC HCH VC
V a [ l îO ] ( l l l ) 0 .36 0.37 0 .32 1.00
G1 - V2[101] ( l l l ) 0 .48 0.11 0.66 0.49
V2[011] ( l l l ) 0.12 0.27 0 .34 0.51
V2[1Ï0] ( Ï Ï 1 ) 0 .44 0 .54 0.81 0 .04
G5 ( I l l ) V2 [ 101] ( l l l ) 0 .03 0.91 0.45 0.96
V2[ o i i ] ( n i ) 0.41 0.37 0.35 1.00
V2[i io ]( i i i ) 0.45 0.69 0.93 0 .26
0 9 (111) 1/4[101](111) 0 .25 1.00 0.76 0.28
V2[011] ( l l l ) 0.20 0.17 0.20 0.02
V2[ 1101(111) 0.28 1.00 0.92 0 .40
G25 - V2[101] ( l l l ) 0 .47 0.18 0.77 0.60
y2[oi 11(111) 0 .19 0.73 0.15 1.00
y 2 [ i i o i ( n i ) 0.18 0.78 0.76 0.37
0 3 1 ( I l l ) y 2 [ i o i i ( i i i ) 0.42 0.44 0 .90 0.25
W i  11(111) 0 .24 0.24 0 .19 0.12
Indentation G1 (Tables G7(a-c)) was made in a grain of a single-slip orientation, and 
it was therefore assumed that a potential crack would most likely appear on the primary slip 
plane. The calculations of resolved shear stresses using the HCH model showed only a 
modest stiess enhancement on the primary slip plane. Calculations from the VC model 
showed significant stress enhancement for slip systems on all four slip planes. This would 
lead to a multiple slip situation where cracking could be inhibited.
A fast growing crack was observed neai' indentation G5 (Tables GS(a-c)), and high 
resolved shear stresses were also predicted by the HCH model on the most highly stressed 
slip system, i/4 [lïO ](ïïl)  with m = 0.44. The VC model predicts high stresses on 
V 2[011](ni), which has m = 0.41, and this may explain the high crack propagation rate 
observed on the (ÎÎ1 ) plane.
The grain accommodating indentation G9 (Tables G9(a-c)) may have been very 
shallow in the region (j) ~ 0 away from the indentation. This may have influenced the 
cracking from the indentation, which nevertheless correlated well with the predicted increases 
in the resolved shear stresses near the crack tip using the HCH model. The VC model 
predicts very little stress enhancement on (111).
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Indentation G25 (Tables lO(a-c)) was made in a grain of a similar orientation to 
indentation G l. Higher resolved shear stresses were predicted on the primary slip plane in 
the HCH model, but with a trough in the stress distribution predicted near the corners of the 
indentation. No cracking was observed, although high stresses were predicted on V2[1Î0](111) 
(m = 0.28). The VC model predicted some stress enhancement on the primary slip system.
Indentation G31 (Tables ll(a-c)) produced a fast growing crack on the (1Î1) plane, 
which coincided with predictions (HCH) of high stresses on the V2 [ 110](111) and V2[10Î](1 Ï 1) 
slip systems. The VC model predicted no stress enhancement on these two slip systems.
8.5 SUMMARY OF RESULTS
8.5.1 Modelling of indentation slip
• A reasonable correlation was found between the observations of indentation 
slip and the peaks in the distribution of resolved shear stresses.
• Where a lack of correlation was seen, it was sometimes found that slip on 
some slip planes covered a larger area than indicated by the indentation models 
for slip systems on these planes.
8.5.2 Modelling of early fatigue slip
• In most cases, a good conelation was found between observations of early 
fatigue slip with calculations based on a superposition of residual indentation 
stresses and a uniaxial compressive stress, suggesting the presence of a 
compressive residual stress around the indentations prior to fatigue.
8.5.3 Modelling of fatigue-induced cracking from indentations
• Calculations of resolved shear stresses using a superposition of the stress fields 
due to a crack and a hole in a thin plate correlated well with most observations 
of cracking from the indentations.
• In the two cases where a poor correlation was found, the observed cracks 
matched an alternative model of a crack propagating into the bulk rather than 
along the surface of the grain.
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Fig. 8.2.1 Correlation of the resolved shear stress and the observations of slip on the 
surface around indentation I-l for the (111) and the (111) slip planes, where 
all four indentation models have been used. Each figure shows the results for 
one slip system, and each column shows the results for one slip plane. The 
regions of surface slip are markëd by dotted lines and denoted by "Slip" at the 
bottom of each row of figures.
196
Chapter 8 Results (IV): Modelling
I
(/)c/3
2
œ
I—
CO0)SI(/)
TZÎCD_>oc/3CDk_
"DCDN
*cBE
jiirn7iTinTi|Ti| II I l l U i p i l l l  I II I I I
I/2[IT0](TT1)
h i i i i h l l
I/2[I0I](TTI)
IruiMitmli
11II (I I i n v i p  n  I I I  II I I I  | ii i i i i i iMj i | iui r
/ V
" " " ' " I I I "  I l l  i l i i i  II 111 m l m i n  II m i l  m i l  m i l  II I i l i i i  n i l
l/2(10T](ITI)
1.0 l/2[0ll](TTI)
0.5
0.0
-0.5
1.0 0 60 120 180 240 300 360
I I 111 1 I I 1 1 I I 1 1 111111
l/2[0ll](ITI)
: Slip : ;
i f  i m m  II  t II 111111 i j j i
0 60 120 180 240 300 360
Azimuth (^)
Swain and Hagan 
Hill
  Johnson
 Perrott
Figs. 8.2.1 cont. The correlation of the resolved shear stress and the observations of slip 
on the surface around indentation 1-1 for the (ÎÎ1 ) and the (111) slip 
planes.
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Fig. 8.2.2 The same correlations as shown in Fig. 8.2.1 for indentation 1-1, but including 
only the model of Swain and Hagan (1976). Fig. 8.2.2(a) and 8.2.2(b) show 
the result for slip on the (111) and the (111) slip planes, respectively. The 
correlation between high resolved shear stress and observations of slip is seen 
to be good for both slip planes.
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Fig. 8.2.2 cont. The results for indentation I-l for slip on the (ÎÏ1 ) and (111) slip 
planes, where it is evident that the correlation is good for the (111) but 
poor in the case of the ( T i l )  slip plane.
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Fig. 8.2.3 Correlation between calculations of resolved shear stresses of the Swain and 
Hagan model and observations of slip around indentation 1-2 for the (111) and 
(111) slip planes. The correlation is seen to be good.
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Fig. 8.4.4 Correlation of calculations of resolved shear stresses for slip systems on one 
of the planes where cracking was observed from indentation J29. The 
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HCH model.
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Discussion
9.1 INTRODUCTION
The main thrust of the present work was intended to be an exploration of the effect 
of indentation on the fatigue deformation of a simple age-hardenable ternary Al-Cu-Mg alloy. 
The investigation was divided into four parts, viz. fatigue, indentation, the effect of 
indentation on fatigue, and the modelling of results where trends were found. The discussion 
will address the results of the first three parts, together with the results of the modelling 
where appropriate.
It was found that the two heat treatments produce certain similarities and also certain 
differences in deformation response.
The similarities in deformation response were:
Indentation produced very similar patterns of material pile-up.
Both materials produce slip on {111} planes during cyclic deformation. 
Indentations in RTA specimens acted as preferential sites for slip during the 
first cycles in fatigue. For HT A specimens a similar effect was found at the 
stage where cracking was first observed.
• Indentations were favoured sites for initiation of fatigue cracking.
The differences in deformation response were:
Deformation due to indentation is more localized in the case of HTA material.
• The RTA material cyclically hardens, while the HTA material softens, 
sometimes after a modest amount of hardening during the initial cycling. 
TEM images of fatigued RTA material shows bands of dislocations on sets of 
{111} slip planes, whereas in HTA material vei-y little dislocation structure is 
visible after fatigue.
• RTA specimens developed PSBs in the fonri of extrusions, whereas only wide
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slip bands were visible on the surface of HTA specimens after fatigue.
• In RTA specimens cracks initiating at indentations propagate on the {111} 
planes containing the most highly stressed slip system. A range of different 
crack propagation orientations were found for the HTA material, including 
traces of {111} and {001} planes.
• Propagation of short cracks in RTA specimens was on the average between 
three and four times faster than in HTA specimens.
9.2 FATIGUE
9.2.1 Stress/strain response
In the present study all RTA specimens, regardless of the applied plastic strain 
amplitude, were found to harden until a peak stress amplitude was achieved after which an 
apparent decrease was observed due to cracking. The increase in the stress amplitude of the 
specimens which were cycled to failure (Fig. 5.2.1) was measured to lie in the range 35 - 45 
%. The largest increase (45 %) was measured for specimen E, which was cycled at Cp = 
2.5x10“^. Hysteresis loops were recorded for specimen G (Fig. 5.3.2). The loop shape 
became increasingly pointed until N = 1,800 after which it was distorted as a result of 
cracking.
In the case of the HTA specimens, the trend was a slow softening (not connected with 
cracking) through most of the fatigue life, although for one of the specimens (D), a modest 
hardening of 5 % was seen during the first 100 cycles. The softening rate was found to be 
the same for specimens D and F in the range of cycles between N = 1,000 and N = 2,000 
(where the fatigue test for specimen D was stopped). The hysteresis loop from specimen F 
went from a shape close to that of a parallelogram to a much more pointed shape over the 
first -1000 cycles. This change was accompanied by a reduction in the stress amplitude, and 
suggests that there is a the build-up of mobile dislocations between the precipitates able to 
move at relatively low stress. Hysteresis loops were also recorded after N = 23,000, and after 
a pause of about 5 minutes the test was restarted and loops recorded. The test was restarted 
in compression, and the loop shape had reverted back to its original shape. However, after 
only 4 cycles, the shape was as pointed as before the test was stopped. This suggests a strong 
interaction between the solute atoms and the dislocations which carry the imposed plastic
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Strain during cycling. It is assumed that the reason for the reversion to the original loop 
shape is due to the dislocations being torn away from these pinning points.
No comprehensive hardening/softening data was found in the literature for the pure 
ternary alloy. Most research has been concerned with fatigue life and/or deformation modes 
(e.g. Finney 1970, Jeelani and Aslam 1984), and so the nearest in this family of alloys are 
the 2024 and 2124 alloys, which are based on the ternary Al-Cu-Mg formula with additions 
of Fe, Mn, Si and Zn to modify the precipitate structure and limit the grain growth. The 2124 
alloy is a high purity version of 2024, with reduced amounts of Fe and Si. The addition of 
Si alone causes a considerable change in fatigue properties and microstructure (Wilson and 
Charsley, to be published; Wilson 1968). However, the fatigue properties of the 2024 and 
2124 alloys in different ageing conditions have been found to be very similar to the pure 
ternary alloy. After room-temperature ageing, the alloys cyclically harden (Stoltz and Pelloux 
1976, Buchi 1979), whereas high-temperature ageing gives rise to cyclic softening (Buchi 
1979). Over-ageing at high temperature causes a significant deterioration in fatigue life, both 
with respect to the RTA and the HTA (peak hardened) material (Finney 1970). A comparison 
between the cyclic hardening/softening measured in the present work and curves presented 
by Buchi (1979) for two different tempers of a 2024 alloy, T351 and T851^ is given in Table 
9.1. (Buchi's graph was shown in Fig. 2.4.3.) There is seen to be an over-all agreement in 
the data but because of the modified microstructure, there are significant differences with 
respect to the yield stress and the stress levels during fatigue at given values of applied plastic 
strain. Buchi’s paper gave no detailed interpretation of the results.
Table 9.1 Cyclic hardening/softening data for 2024 (Buchi 1979) and the present Al-Cu-Mg alloy.
Hardening/softening of 2024 
(measured from graphs in Fig. 2.4.3)
Hardening/softening of Al-Cu-Mg 
(measured from graphs in Figs. 5.3.1 and 5.4.1)
Condition 8p (xlO- )^ Aaya, (%) at Nf/2 Condition Gp(xlO^) Aaya, (%) at N/2
T351 10 25 RTA 1.0 40
100 20 2.5 45
14 35
T851 1.0 -20 HTA 1.0 -20
 ^ T351: Solution heat treated, cold worked, controlled stretched and room-temperature aged. 
T851: Solution heat treated, cold worked, controlled stretched and high-temperature aged.
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The mechanisms which have been proposed for the cyclic hardening and softening are 
based on the dislocation interactions and the dislocation-precipitate interactions. In the case 
of the RTA structure, the microstructure consists of easily shearable GPB zones, and it is 
assumed that the mechanism which causes cyclic hardening is the increasing density of 
dislocations building up during fatigue (Sanders et al 1976, Srivatsan and Coyne 1986, 
Hautefeville and Clavel 1988). In the HTA alloy, the S precipitates influence the fatigue slip, 
and it seems, from the present results, that the precipitate structure must either break down, 
maybe locally, or alternatively, that dislocations, perhaps through cross-slip, gradually softens 
the specimen by causing an increase in the dislocation mean free path. Other reasons which 
have been put forward to explain cyclic softening include re-solution (Stubbington 1964), 
aging inhomogeneities (Laird and Thomas 1967) and precipitate disordering (Calabrese and 
Laird 1974a), In the case of the present material, no evidence has been found for the re­
solution mechanism, which in other alloys (Sanders et al 1976) is thought to produce soft 
regions which gives rise to PSB formation and coarse slip on the surface. The disordering 
mechanism is based on repeated cutting of precipitates, which must be widespread in the grain 
if overall softening is to occur, but it appears to be a possible candidate. Ageing 
inhomogeneities have been claimed to be responsible for the fracture of a HTA Al-Cu-Mg 
alloy (Arumalla and Polmear 1985), but without any evidence being given. However, it is 
known that precipitation occurs on dislocations (Wilson and Forsyth 1966), and that the 
distribution of S precipitates therefore is not entirely homogenous. The only "hard" evidence 
of break-down of the S precipitate structure in fatigue has been reported by Khireddine et al 
(1988), who have shown a dark field TEM micrograph as evidence that S precipitates can be 
sheared by dislocations. Other hard evidence is the effect of the indentation process shown 
in the present work, where multiple slip causes a break-down of the precipitates.
More work has been published on Al-Zn-Mg alloys. Sanders et al (1976) studied 
monotonie and low-cycle fatigue of one ternary and one commercial alloy of Al-Zn-Mg and 
related the deformation characteristics to the microstructure of the two alloys. The alloys 
contain coherent GP zones in the RTA state and partially coherent T|’ precipitates in the HTA 
state, both being shearable by dislocations. It was found that after little ageing, the 
precipitates were small, and the material behaved similarly to a solid solution alloy, i.e. 
dominated by dislocation interactions which gradually cause an increase in the stress 
amplitude for a given value of strain with number of cycles. The stress amplitude continued
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to rise until cracks started to propagate. In the case of the age-hardened material containing 
non-shearable r\ precipitates the stress amplitude remained constant. This was explained in 
terms of the generation of a stable dislocation structure at the given applied plastic strain, and 
it also agrees with the results of Calabrese and Laird (1974b) on fatigue of an Al-Cu alloy 
containing non-shearable 0 ’ precipitates. The last two examples illustrate what would have 
been expected in the case of non-shearable S precipitates in the present HTA alloy. These ' 
results support the idea that the microstructure in the HTA alloy is broken down or altered 
to a larger extent than what is found in the case of age-hardened Al-Zn-Mg and Al-Cu alloys.
9.2.2 Surface slip
In the RTA alloy, slip in most grains was found to appear during the first fatigue 
cycle, and it was mostly found that slip on one set of slip plane became dominant, as is 
shown in Fig. 5.3.4, which shows slip in specimen C (N = 2,000, Cp = 1.8x10''’ ). Grains 
were also seen which apparently contained no slip activity. This was confirmed by TEM, 
reported in section 4.5.3 and discussed in section 9.2.3. After a number of cycles, there 
would be a variety of surfaces appearances, ranging from very little visible surface 
deformation other than an even distribution of slip lines, sometimes giving rise to an 
undulating surface (Fig. 5.3.5), to a PSB structure seen in many of the optical micrographs 
(Figs. 7.2.1 - 7.2.10). Under the optical microscope operated in Nomarski contrast, the PSBs 
appear as a mottling of the contrast. PSBs sometimes stretched across the hole grain (Figs. 
7.2.2(c-d)), but in other cases covered patches of vaiying sizes that continued to expand for 
the duration of the fatigue life (Fig. 7.2.7(a-d) away from the indentation). The highest 
extrusion observed was 4 p.m, but extrusion heights of more than -2  |Lim were rarely seen. 
In an A1 - 4wt% Cu alloy, Forsyth and Stubbington (1954) found an upper limit to the 
extrusion height o f -10  jam, and in pure copper, Basinski and Basinski (1988) found the upper 
limit to be -2  jam.
Slip in the HTA sü ucture developed slowly into a structure consisting of broad, faint 
lines which partly (Fig. 5.4.7 and 7.3.5) or completely (Fig. 7.3.8) traversed grains. In some 
cases, as is shown in Fig. 7.3.5, the defoimation appealed to combine slip on two different 
slip systems, but this was not often obseiwed. No PSBs or extrusions were observed.
The appearance of the slip lines observed on the RTA alloy is more like the slip 
commonly observed on pure copper than on pure aluminium. A slip-line distribution
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consisting of long dislocation lines is typical of defoimation in copper. Deformation in 
aluminium consists typically of bands o f slip lines inclined at well defined angles to 
individual slip lines, which thicken and fill an increasing proportion of the grain surface, but 
without single slip lines growing in length. (Some of these bands have been shown by 
Vorren (1985) to lie in a <314> direction on {111} surfaces.) However, White (1984) has 
shown that in copper PSBs appear near indentations, sometimes increasing in width in a 
direction perpendicular to the trace direction of the individual slip lines and the band. Vorren 
(1985) has also shown slip bands of the type he found in pure aluminium in copper specimens 
with certain orientations (e.g. [133]). In the RTA alloy, the long, well-defined slip lines 
probably arise from the localization of strain as the GPB zones are sheared, causing a 
localized softening of the matrix until dislocation interactions harden the band and cause slip 
to initiate elsewhere. The localized softening and dislocation activity in slip bands also raises 
the yield stress on the cross-slip planes, thereby inhibiting cross-slip.
Finney (1970) presents micrographs showing surface slip and cracking in a stabilized^, 
a peak aged and an over-age Al-Cu-Mg alloy. After fatigue to failure, the surface of the 
stabilized material was covered with slip lines, and subsequent cracking took place entirely 
along the slip bands. The surface of the peak-aged alloy contained few slip lines, and the 
cracks shown did not follow traces of slip bands. The slip on the surface of the over-age 
alloy was made up of a wavy pattern of slip steps.
In the present work extrusions were only observed in the RTA alloy (Fig. 5.3.6). (The 
fact that the HTA alloy does not produce extrusions is probably the reason why the stress 
corrosion properties are improved compared with the RTA alloy as suggested by Buchi 
(1979). The appearance of the extrusion shown in Fig. 5.3.6 is virtually identical to slip-band 
extrusions sketched by Forsyth and Stubbington (1954), which had been observed in A1 - 4% 
Cu. Forsyth and Stubbington remark that not all cracks in this alloy are associated with 
extrusions, which agrees with the findings in the present work on damage caused by 
indentation, where cracks in some cases were observed to appear on a surface almost free of 
visible slip, which can be seen in Fig. 7.2.3(f), where there are no PSBs visible.
The slip lines which appeared on the surfaces of HTA specimens after -1,000 cycles 
were typically a few tens of microns long and rather broad (Fig. 5.4.4), which suggests local 
softening due to shearing of GPB zones and cross-slip around S precipitates. Further fatigue
 ^ "Stabilised": aged at 190°C for 10 m inutes to prevent further ageing at room -temperature.
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produced longer slip lines or slip bands which were not straight (Fig. 7.3.5), again suggesting 
cross-slip. However, some slip lines were straight, with marked contrast (Figs. 5.3.8 and 
5.4.7), suggesting local areas of S precipitate shearing.
9.2.3 Dislocation arrangem ents
During fatigue of the RTA alloy the microstructure developed from a quenched-in 
structure consisting of dislocation loops and helices (Figs. 5.2. l(a-b)) into bands of dislocation 
loops. Early stages of this development can be seen in Figs. 5.3.10-11. The dislocation 
bands were found to consist mostly of dislocations of a single Burger’s vector (Figs. 5.3.12- 
14), but sometimes also slip on two slip systems was observed (Figs. 5.3.22-25). In a few 
grains no fatigue deformation was found (Fig. 5.3.15-16). When dislocation bands on 
intersecting {111} planes were observed, there was little evidence of interaction between the 
bands, in temis o f a modification of the dislocation arrangements (Figs. 5.3.30(b) and 
5.3.31(a)), although in one case of slip on two intersecting slip systems (Fig. 5.3.22), no 
dislocation bands appeared to be fomied at all. After prolonged cycling, a band structure was 
in some cases produced which was associated with a lattice rotation. In one case this was 
measured to be 0.24° (from the change in the deviation parameter s^). At this stage, the 
dislocation structure seemed mostly to consist of small dislocation segments, suggesting that 
the loops play a minor role, but are by-products of dislocations active in the deformation 
process. This is supported by the fact that dislocation loops themselves cannot give rise to 
a rotation in the crystal. This can only be achieved by a surplus of dislocations of a particular 
Burgers’ vector, with opposite signs on either side of the band. Similar bands were seen by 
Finney (1970) after fatigue of the stabilized material containing GPB zones.
The dislocation arrangements in the surface layer matched the surface observations of 
slip lines. This is seen in Figs. 5.3.8-11 after only 20 cycles, where bands of dislocations are 
seen to follow the directions of the slip steps on the surface.
In pure metals, the plastic strain is carried by dislocations shuttling in channels or 
between walls or rungs in a ladder structure (e.g. Mughrabi 1978), and the visible slip on the 
surface corresponds to the activity in the regions of high mobile dislocation activity but low 
dislocation density. In the RTA alloy, the dislocations which give rise to surface slip appear 
to be associated with slip bands of high dislocation density. This is probably related to the 
softening of bands by shearing of GPB zones. *
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Very much reduced dislocation contrast was observed between the S precipitates in 
HTA specimens after fatigue (Figs. 5.4.7(a)-(c)) compared to the RTA material. Between the 
precipitates in Fig. 5.4.7(c) there is evidence of some dislocations in the form of dislocation 
loops, but the majority of dislocations appear to be tangled with the precipitates, and in some 
places bowing between precipitates. No TEM evidence for deformation of S precipitates 
resulting from fatigue was found in the present work.
The small numbers of dislocations between the precipitates can possibly be 
rationalized by considering the spacing between the S precipitates, which in the micrographs 
appears (in projection) to be -100 - 200 nm. In pure aluminium, the wall spacing is - 1 - 2  
jam (Charsley et al 1989), which is an order of magnitude larger than the S precipitate 
spacing. This implies that the flow stress cannot be controlled by dislocation interaction to 
any extent. The results also agree with the findings of Stoltz and Pelloux (1975), who found 
that for a plastic strain of = 3x10'^ very few dislocations were visible in the matrix between 
the precipitates (after N = 4). This was explained in tenns of the accommodation of elastic 
deformation of the precipitates, i.e. that the dislocations would be closely associated with the 
precipitates. In the analysis of Calabrese and Laird (1974b), the dislocation configuration was 
divided into two categories. One category of dislocations was called "geometrically 
necessary", i.e. dislocations stored at the matrix/particles interface to accommodate the 
imposed shear strain (they obsewed a rotation of 0 ’ precipitates by its effect on the deviation 
parameter Sg), The other category consisted of matrix dislocations carrying the imposed 
plastic strain. An estimate of the number of dislocations carr>'ing the plastic strain can be 
made by considering edge dislocations gliding in a box of a given volume (Hull and Bacon 
1984). If the sides are set equal to the particle spacing, the density of mobile dislocations 
needed to accommodate a shear strain y,, = Me^ (Eq. 2.3.3) is then given by
M e„
bx (9.2.1)
Setting M = 2.24 - 3.06, e,, = 10'’, b = 4.05x10'’ jam and x = 0.2 jam, the density is found to 
be p = 3 - 4 jani ^  or less than one mobile dislocation in a box of size 0.2 x 0.2 jam .^ This 
is even lower than indicated by the TEM observations.
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9.3 INDENTATION
9.3.1 Surface effects
In the present work on an Al-Cu-Mg alloy, the slip lines generated by the indentation 
process extended to a distance approximately three times the diagonal of the indentation in 
the case of the RTA material and about twice the diagonal length in the case of the HTA 
material.
In single crystals, or crystals where the grain size is significantly larger than the size 
of the indentation, the pile-up becomes affected by the grain orientation of the indented grain. 
As referenced in section 3.3, Dyer (1965) carried out ball indentations in pure copper 
specimens with a [001] orientation, and found that the pile-up was concentrated along <110> 
azimuths, and that slight depressions were found along <100> azimuths. In the case of the 
present alloy (in both RTA and HTA states), the azimuthal regions between the pile-ups are 
above the original surface. This is demonstrated in the LSM in Figs. 6.2.1-3, where the 
surface slopes away from the indentations in all directions. The hardness impressions 
presented in sections 6.2 and 6.3 were made in grains with surface normals around 20 - 25° 
away from a cubic axis, but measurements were made to see whether the pile-up observed 
would correlate with Dyer’s observations. Figs. 6.2.1(a-b) - 6.2.3(a-b) show three indentations 
of different orientation in one grain, from which it can be seen that the pile-up is found at the 
same angular positions around all three indentations. This is also the case with the 
indentation made after the HTA treatment, shown in Fig. 6.3.1(a-b). Table 9.2.1 shows the 
angles associated with the trace directions of the <100> and the <11()> directions of the grain. 
In Table 9.2.1 "depression" is taken to simply mean the areas between the pile-ups.
Table 9.2.1 Correlation between grain orientation and angular distributions* of pile-ups.
Azimuths: ± [010] ± [0011 ± [Oil] ±[011]
Surface trace of azimuths: 118 167 32 129
Angle of centre of pile-ups: - - -30 -130
Angle of centre of depressions: -90 -180 - -
* Angles given as (j), and include (j) + 180°.
Due to the 31° angle between the surface normal and the nearest cubic axis, the <100> and 
<110> directions are also inclined to the surface, which will alter the flow of material. The
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results nevertheless indicate that the pattern of flow caused by the indentation in the alloy is 
similar to the material flow in pure copper, and presumably also in pure aluminium. The 
main difference is that the pile-up in the case of the present RTA and HTA alloys is more 
localized, resulting in the absence of the depressions which are observed in pure copper.
The following differences between the deformation in the RTA and HTA alloys were 
noted in section 6.3.1 between indents shown in Figs. 6.2.1(a-b) and 6.3.1(a-b):
• The maximum height of the pile-up was measured to be -10  % of the 
indentation depth for the RTA alloy, but -15 % of the indentation depth when 
indented after artificial aging.
• Indentation slip lines in the RTA alloy were well defined, whereas slip lines 
were faint and difficult to see in the HTA state.
Small changes in the shape of indentations when they are introduced before and after 
high-temperature ageing is shown in Figs. 6.3.2(a-b) and 6.3.3(a-b). It is not very marked in 
the former case, but in the latter it can be seen that the contour of all four sides of the 
indentation introduced in the RTA material are concave, while two of the sides of the 
indentation introduced after high-temperature ageing are convex. This is probably related to 
the increased pile-up and the change in appearance of slip lines near the indentations in HTA 
material, namely the resistance to dislocation movement by the presence of S precipitates.
White (1984) investigated the nature of slip induced by indentation in single crystals 
of pure copper. Slip was found to extend to a distance of approximately three times the half­
diagonal of the indentation, and White notes that slip produced by indenting was difficult to 
observe even by the use of Nomarski contrast. But it was noted that there was a lack of 
symmetry of the slip around the indentation. Several indentation models, presented in chapter 
3 of this thesis, were applied by White (1984) to model the patterns of slip observed near 
indentations in grains of three different orientations. All analytical indentation models assume 
radial symmetry, and it was found that the distribution of resolved shear stresses predicted 
by the models did not match the observed pattern of surface slip. It was thought that this was 
due to the fact that the models assume a continuous solid, and that the crystalline nature of 
copper would significantly modify the material flow. The fee ciystal structure restricts the 
material flow to the 12 slip systems, and it is natural to assume that the variations in resolved 
shear stress acting on the dislocations will significantly reduce the symmetry of slip. White 
(1984) extended Dyer’s model of converging and diverging slip to model grains of other
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orientations, and found a better agreement
between the obseiwed slip than with the
analytical models, which confirmed the
asymmetry in the observed slip patterns. In
copper, there is also another factor which
may play a role in reducing the symmetry of
slip. The elastic anisotropy of copper is
almost three times higher than that of
aluminium, and probably also of the alloy
being studied in the present work. The
relative degree of anisotropy, given by ratios
of the elastic moduli, 2(Si, - Si^ Vs^ ,^ are 3.2 Fig. 9.2.1 Schematic diagram of deformation
and 1.2, for copper and aluminium around indentation shown by White (1984). 
respectively. This obviously modifies the
elastic response of the material, and will therefore affect the stress field particularly around 
edge dislocations. A comparison was made between the slip around the indentation shown 
in Fig. 6.4.2, with an indentation shown by White (White 1984, Fig. 4.1(a)) in a grain with 
a surface normal only 5° away from the grain shown in Fig. 6.4.2^. A schematic diagram 
showing W hite’s indentation, after aligning it with the indentation in Fig. 6.4.2 is shown in 
Fig. 9.2.1. It was found that the pile-ups were distributed very similarly in the two cases, but 
that, further away from the indentation, the slip line pattern in pure copper lacked the 
symmetry which was found in the RTA alloy. Using the coordinate system adopted in this 
thesis, it can be seen that the difference consists in slip on copper being observed on one side 
((j)) but not the other ((j) + 180°), whereas in the case of the present RTA alloy, most slip is 
seen to by symmetrically distributed around the indentation. This, of course, implies that the 
latter is more readily modelled analytically. The radial symmetry in the models give rise to 
a symmetry between positions at (|) and at (j) + 180° around the indentations.
The indentation modelling gave a reasonable match between the relative magnitudes 
of resolved shear stresses and observed slip line patterns for the RTA alloy, as reported in 
section 8.2. The main short-coming of the results of the modelling was that it could not take
 ^ A  direct visual com parison can be made if  the im age in Fig. 6 .4 .2  is mirrored around ({) =  0 and 
rotated an angle (|) =  -90°, alternatively view ed  from the back side and rotated 90° clockw ise.
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into account the changes in the effective yield strength of the material, i.e. once slip takes 
place on a certain slip system then that slip system tended to dominate the deformation in a 
given area. This gave rise to slip on certain planes over much larger areas than predicted by 
the modelling, and other slip systems appeared to be restricted. In addition, stress relief due 
to slip on one system could cause slip to appear on other systems for which the model 
predicted low resolved shear stresses. The modelling of stress near the indention shown in 
Fig. 6.4.2 predicted high resolved shear stresses on slip systems on three of the four planes 
in the same aiea, and only traces corresponding to two are seen in the micrograph. Pedersen 
(1982) quotes an estimate, relevant to fatigue of pure metals, made by Z. S. Basinski that 
once one slip system has become established, the yield stress on other slip systems is raised 
by a factor of four or five as a result of hardening from intersecting dislocations (forest 
hardening). It seems likely that there is an equivalent, possibly weaker effect in indentation 
deformation, and this would account for some of the lack of correlation of the modelling.
9.3.2 Dislocation arrangements
TEM revealed a dense distribution of dislocations underneath the indentation (Fig. 
6.2.4(a-c)), and single dislocations could not be distinguished. When the specimen was tilted, 
the TEM image showed that the areas in contrast changed, which shows the bending of the 
crystal. However, in the surface layer of the pile-up region only a few microns to the side 
of the indentation, the dislocation pattern in the RTA alloy was very regular and well defined 
(Fig. 6.2.7(a)), which suggests that the residual stresses are significantly higher underneath 
the indentation pit than at the surface of the pile-up region. The bands of dislocations shown 
in the latter micrograph conesponded to the directions of slip lines on the surface of the foil. 
Between the dislocation bands were many large loops from the quenching process.
In the case of the HTA material, the dislocation density within the region of material 
pile-up was much reduced compared to the RTA specimens, but again a large number of 
dislocations appeared to be tangled with the S precipitates. No dislocations at all were 
observed if the ageing was carried out after the indentation had been made. The reasons for 
this may relate to the fact that dislocations are very difficult to observe in this material after 
fatigue, as discussed in section 9.1. In the region immediately underneath the indentation, 
however, a dense distribution of dislocations was evident, although larger areas were 
impossible to image due to lattice distortion, as in the case of the RTA alloy. In Fig. 6.3.5
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it is seen that the precipitates, to the extent they are visible, appear as thin needles. This 
shows that the precipitate structure resulting from the ageing treatment has been significantly 
altered during the indentation.
In the case where the indentations were introduced before HTA treatment, it was found 
that the regions underneath the indentation (Fig. 6.3.9) were as densely packed with 
dislocations as in the case of indentations made in RTA and HTA material. However, some 
relaxation had taken place through the formation of a low-angle boundary which was found 
along the ridge of the indentation (Fig.6.3.9). Heating of the indented alloy at the solution 
heat-treatment temperature of 530°C caused reciystallisation of the plastically deformed region 
around indentations. In the surrounding surface region (Fig. 6.3.10) no dislocations were 
observed. On the other hand, the latter figure also shows that the precipitate str ucture in this 
region was finer than after HTA treatment of unstrained material. (This is made use of in the 
pre-straining of alloys prior to HTA treatment, which is done in order to refine the 
distribution of precipitates.)
It is interesting to note that the hardness of the alloy in the two aging conditions were 
measured to be practically the same (-1 GPa), which means that the S precipitates do not 
raise the resistance to dislocation flow during the indentation process in which they are being 
broken up.
Wilson and Charsley (to be published) tried to observe dislocations in the same alloys 
as in the present work, after age-hardening for eight hours at 190°C. They found that the 
density of the dislocations directly underneath the indentation was so high that it was not 
possible to resolve the dislocations or find any patterns.
The work of Appleby (1988) on pure aluminium is briefly summarized in section 3.3. 
The dislocation structures found were significantly different from what was observed in the 
both aging states of the present alloy. Dislocations of many yz<110> Burger’s vectors are 
active in pure aluminium and cause cells to be formed at high strains and loose tangles at low 
strains. In the RTA alloy, on the other hand, the slip has a much more planar nature due to 
the difficulty of cross-slip. Even as close as a few microns from the indentation, as shown 
in Fig, 6.2.7(a), slip on different systems did not appear to interact. In Fig. 6.2.6, which was 
taken at the corner of an indentation, the structure does bear more resemblance to pure 
aluminium, but it can be seen that the tangle of dislocations is not nearly as dense as is found 
in both pure copper and pure aluminium.
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9.4 TH E EFFECT OF SURFACE TO PO G RA PH Y  ON FATIGUE.
9.4.1 Surface slip
During the very first cycles a concentration of slip bands was often found to appear 
close to the indentation, at a distance of 2a < r < 3a from the centre of the indentation. As 
a transient effect, this phenomenon does not appear to have been observed previously. In two 
cases the initial slip was observed after N = 1 (Figs. 7.2.1(b), 7.2.3(b) and 7.2.4(b)). Little 
change was then observed near the indentation during the next 10 - 100 cycles. In the other 
cases, micrographs were not taken until after N -  10, and in the case of specimen J, all the 
indentations showed this pattern of initial slip near the indentation. In the case of specimen 
G, micrographs were not taken until N = 10, but also here, initial slip near the indentation 
was cleaily visible in all but two indented grains.
The indentation models assume that the material surrounding the indentation is in a 
state of compression following the indentation. In the expanding cavity model (Hill 1950) 
this is explained by the fact that as the pressure in the cavity is released, the outer layer of 
elastically deformed material will compress the inner layers of plastically defonned material 
to a compressive stress near the value of the yield stress (App. A2). It follows that the 
addition of a uniaxial compressive stress will add to the residual stress and cause further 
yielding, whereas the addition of a uniaxial tensile stress will reduce the residual compressive 
stress. This argument suggests that the initial slip observed after the first fatigue cycle is 
related to further yielding in the region around the indentation due to the total stress during 
the compressive half-cycle. Little flow would be expected during the tensile half-cycle, and 
subsequent cycling would not alter the. further hardening experienced during the first cycle. 
However, in the real crystal, there is no well defined, impenetrable plastic zone, and the 
microscopical evidence shows that fatigue slip will penetrate the regions suirounding the 
indentation. It is therefore likely that if the test were started in tension this re-ordering of slip 
around the indentation would take place during the first half-cycle, causing less surface slip 
during the following compressive half-cycle.
The correlation was not always good, and no apparent correlation was found for 
indentation J17 in a grain with a multiple slip orientation, and where the active slip in fact 
was observed to initiate on (111), change to (111), and then cracking was initiated on (ÎÎ1), 
which shows that slip was active on this plane as well. The lack of coiTelation in this case
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is probably due to the fact that the plasticity in the grain is not really reflected by the Schmidt 
factors, and it is particularly difficult in the case of multiple slip where slip might occur on 
some but not all slip system, effectively raising the yield stress for slip on other slip systems 
as discussed earlier. It would be expected that the distribution of slip in some grains would 
cause the surface slip lines to be significantly different from that which would be expected 
from the results of the model.
Further cycling sometimes revealed enhanced slip band formation near with the 
indentation, whereas in other cases areas very little slip was seen near the indentation. Clear 
examples of the former are seen in Figs. 7.2.2(d) and 7.2.10(d), where PSBs have developed 
in par allel with cracks that propagate from the corners of the indentations. Examples of areas 
with few slip lines are found in Figs. 7.2.1(c) and 7.2.6(c). The effect was reduced with 
number of cycles (Figs. 7.2.6(c-d)). In a few cases slip lines developed on the surfaces of 
the pyramidal indent during fatigue, most clearly seen in Figs. 7.2.2(c) and 7.2.10(d). The 
absence of visible slip lines in most indentations shows that the residual stress is not 
completely relieved during the initial cycling, but that the regions very close to the indentation 
will still contain a concentration of dislocations that will delay a penetration of fatigue slip 
and the generation of slip lines in this area. This is supported by the TEM results, which 
show very little visible change in the dislocation density immediately underneath the surface 
of the indentation before and after cycling (Figs. 6.2.4 and 7.2.17).
Earlier studies on slip around indentations have been made on pure aluminium 
(Appleby 1988) and pure copper (White 1984, Razzaq 1988). Their tests were carried out 
at comparable values of strain to that used in the present work (e^ = 4x10 '’ - 1.9x10^). In the 
case of pure aluminium, Appleby estimated that the resulting plastic strain amplitude was in 
the range = 2x10'’ - 1.7x10'^. The onset of visible slip was not observed until after 
hundreds of cycles. Also, indentation loads < 100 g where used, resulting in indentation 
diameters of -6 0  - 80 }im. In the present work it was found that observation of slip was 
difficult when applying loads < 500 g, corresponding to an indentation diameter of -100  p.m. 
The micrographs presented by White show that symmetry was only present for the single slip 
lines which grew in length, whereas no symmetry was found for the slip bands near the 
indention, which were only found on one side of the indentation pit. Appleby did not carry 
out any stress field calculations on fatigue of pure aluminium, neither did Razzaq on pure 
copper, but he found that slip which developed to fomi PSBs was associated with regions
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near indentation where the indentation had already activated slip on the primary slip system 
for fatigue. In the present work on Al-Cu-Mg the indentation gave rise to symmetrically 
distributed slip near the indentations. The work of Appleby (1988) on pure aluminium 
provides no clear evidence for this behaviour or for enhanced slip near the indentation. It 
would therefore seem that the calculations carried out by White would need modifications in 
order to take anisotropy into account, or that the role dislocations play in the case of copper 
is different to that in the alloy under study.
In the case of fatigue of the HTA alloy, the present results show that the role played 
by the indentation during fatigue appears to be smaller during tlie early cycles compared with 
the RTA material. No slip was observed in most grains until the stage when cracks had 
initiated at the indentations. However, the relative difficulty of observing slip in this alloy 
must be borne in mind. At the stage when cracks appeared, faint slip lines appeared across 
the entire grains, but with a higher concentration near the indentation. Examples of this are 
shown in Figs. 7.3.1-3, where it is seen that the slip lines near the indentations are located 
in the angular regions of the indentation-induced slip lines, but extending further away from 
the indentation. Further cycling caused slip lines to appear uniformly over the entire grain. 
An attempt was made to model the fatigue slip near indentations H7, H I 1/H12 and H19. The 
same model was applied that was used to model the initial slip in the RTA specimens. The 
calculations showed no correlation with observations. The stress concentrations near a hole 
in a plate in tension was also used, but again the results did not show any correlation with 
the observed slip, which supports the idea that the deformation is more complex in the HTA 
material.
The shape changes observed for the hysteresis loop (Fig. 5.3.2) demonstrates that there 
is a strong interaction between the dislocations and the zone/precipitate structure, which would 
indicate that it is not as easy to alter the microstructure near the indentations. This would be 
supported by the fact that the preferential slip always appeared when the slip plane of the 
active slip system in fatigue coincided with slip plane containing active slip during 
indentation. In this respect, the effect of indentation on fatigue in the HTA alloy seems to 
match more closely what was found in the case of the pure copper (White 1984).
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9.4,2 Cracking from indentations
It was found that cracking was preferentially initiated along the ridges between the 
apex of the indentation pit and the corner of the indentation in both the RTA and the HTA 
alloy. Two factors were found to control the initiation and propagation of cracks:
1. Stress concentration due to the shape of the indentation.
2. The microstructure, depending on the heat treatment.
Cracks appeared at the majority of the indentations, and in both alloys they were never 
observed to stop propagating. Nevertheless, the cracking which ultimately caused failure 
never originated at an indentation, but at the shoulder of the specimen or at a grain boundary.
In the RTA alloy, cracks appeared at the corners of the indentation after 1/3 to 1/2 of 
the fatigue life, as is indicated in Table 7.3.2. Fig. 7.2.12(b) shows that the crack path along 
the ridges of the indentation does not follow any particular plane, but is forced by the stress 
concentration of the ridge to follow it to the corner of the base of the indentation. It is of 
course possible that any vertical propagation of the crack would take be on a (111) plane 
while the surface trace of the crack followed the direction of the ridge. After an irregular 
path of a few microns near the comer of the indentation (typically < 1 0  jim), the crack would 
start propagating along a well-defined trace direction of a {111} plane. Figs. 7.2.16(a-c) and 
7.2.17 show TEM images of cracks near indentations. Along the indentation ridge (Fig. 
7.2.17) the distortion of the crystal and the high dislocation density obscures the view, but 
away from the indentation (Figs. 7.2.16(a-b)) no well-defined dislocation structure can be 
seen, but the contrast changes in the images indicate local areas of misorientation.
From the tests on pure copper (White 1984, Razzaq 1988), it was thought that the 
distribution of dislocations around the indentation were going to affect the fatigue process 
near the indentation more than the stress concentrating effect due to the indentation shape. 
This would cause preferential slip and possibly PSBs, which if formed would lead to cracking. 
In order to find the importance of the shape of the indentation in the present work, a 
comparison was therefore made between the cracking from rounded indentations (by electro- 
polishing) and non-rounded indentations in the case of the RTA alloy, and between 
indentations introduced prior to and after ageing treatment in the HTA alloy.
In the RTA alloy, the onset of cracking from indentations which had been rounded by 
electro-polishing was delayed, but once the cracks had emerged from the corners of the 
indentations, the crack propagation rates were not significantly different, and at failure the
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crack lengths were 50 % of the length of the cracks originating at non-rounded indentations. 
This delay in initiation can only be explained as being the result of a reduction in the stress 
concentration at the tip of the indentation and along the ridge where cracks propagated.
Ageing was earned out at 190°C for 16 hours before and after indentation in order to 
determine whether it would affect the onset of cracking. The result was a delay in the onset 
at the aged indent (Figs. 7.3.3(a-b) and 7.3.5). The crack lengths were measured after failure 
of the specimen (F), and it was found that the length of the cracks originating at aged 
indentations were 60 % of the length of cracks initiated at non-aged indentations, which is 
approximately the same as the difference due to rounding of the shape in the RTA alloy. The 
reason for this difference probably lies in the change of the microstructure found when 
material containing indentations introduced in the RTA state was given the HTA treatment. 
It was shown that the precipitates in the plastically deformed region were smaller and more 
finely distributed (Figs. 6.3.10-11) than after aging without any pre-strain (Fig. 5.2.2). This 
gives rise to a higher resistance against dislocation movement, and slows down the build-up 
of strain concentration at the indentation which leads to cracking.
The main difference in the cracks initiating at indentations for the two ageing 
conditions was that the cracks in the former specimen type were only observed to propagate 
along trace directions of {111} slip planes, whereas in the latter specimen type cracking was 
found along traces of {111}, {001} and along curved paths. Specimens J and H (RTA and 
HTA, respectively) were both fatigued at a constant plastic strain amplitude of = l.OxlO '^ , 
and the crack propagation rates were 18 ± 6 nm/cycle and 4.8 ± 0.5 nm/cycle, respectively. 
The cracks in the HTA specimen were also frequently observed to branch out (Fig. 7.3.4), but 
each branch continued to propagate separately all through the fatigue life. One type of crack 
observed only in the HTA alloy was found to produce a near-straight crack trace, but not 
coiTesponding to a {111} slip plane. An example (H I9) is shown in Fig. 7.3.3(b), where the 
cracks were also found to propagate at a rate almost twice the average rate (cf. Table 7.3.2). 
Very clear slip lines around an indentation in the same grain introduced prior to the ageing 
treatment made it possible to determine the trace direction to within 5° of the trace of the 
(010) plane. Crack directions were also observed (e.g. Fig. 7.3.4) which could not be 
associated with simple crystallographic planes, but these did not propagate as fast as the near 
(010) cracks. Fig. 7.3.10 shows cracking near indentation F2. The surface normal of the 
grain was very close to [001], and it is evident that the crack propagation direction is again
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following trace directions of {100} planes. This is interesting from the point of view of the 
discussion of the shearing of S precipitates, because cracking on {100} planes would 
necessitate shearing of only one set of S precipitates as opposed to three on {111} planes.
Cracking on {100} planes have been observed for a number of fee metals. In copper 
single crystals (Neumann 1969, 1974), it has been found that with a [100] orientation of a 
single crystal fatigued in plastic strain control can apparently crack on the (100) plane in 
<110> directions. The model Neumann proposed was that the cracking occurred alternatingly 
on {111} planes symmetrically orientated with respect to the [100] plane, and which intersect 
the crack plane along a <110> direction. The combination of slip and cracking 
microscopically on two different planes then causes the "coarse" crack to propagate on the 
[100] plane. Cracking on {100} planes has also been found in aluminium alloys, and is the 
general fracture plane under corrosion fatigue conditions (Forsyth 1963), giving rise to large 
striations typical of brittle fracture.
Wilson and Chars ley (to be published) studied the effect of indentations on the fatigue 
properties of specimens of identical composition and geometry as that used in the present 
work. The specimens were aged at 190°C for 8 hours, which resulted in smaller precipitates. 
Shorter ageing time was used in order to study the resulting dislocation structure by reducing 
the amount of strain contrast from the precipitate stincture. The fatigue was carried out under 
conditions of constant stress at three different amplitudes, viz. 80, 100 and 125 MPa, i.e. at 
significantly lower levels of stress than in the present work (-200 MPa). Indentation loads 
of 20 kg were used, which created impressions with diagonals of -500  p-m and covered an 
ai'ea containing several grains. In tests where indentations were made after the ageing 
treatment, one specimen of a total of seven failed from a crack which had been initiated at 
an indentation, whereas in the two cases where indentations were introduced prior to the 
ageing treatment, both specimens failed from cracks with origins at the indentations. The 
majority of the cracks leading to ultimate failure of the specimens initiated at the shoulders 
of the specimens. This would imply that without the stress-concentrating effect of the 
shoulder, the indentations would probably reduce the fatigue life of the specimens in all the 
tests they carried out. As for the difference in the results for the specimens indented before 
and after the ageing treatment, this appears to contradict the results of the present 
investigation on the fully aged specimens, where the aging treatment caused a delay in the 
cracking. This would reduce the likelihood of causing ultimate failure compared with the
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specimens which were HTA treated prior to indentation. However, Wilson and Charsley 
carried out too few tests to determine whether this tendency was more than just a statistical 
effect, and they did not monitor the initiation and early stages of cracking, which makes a 
direct comparison with the present work impossible. Their results could possibly be 
explained, if the fatigue behaviour of the alloy after heat treatment for eight hours is more 
like the RTA alloy than the HTA alloy due to smaller size and larger distances between the 
precipitates compared to the peak-aged material. In this case the difference would consist of 
a lower density of dislocations around the indentation in the material indented prior to the 
ageing Ueatment, and therefore less resistance to fatigue slip, leading to earlier crack 
initiation.
The fatigue tests in the present work were carried out in constant plastic strain, which 
did not make studies of fracture surfaces of the cracks near indentations possible, and the 
modelling was attempted in order to determine the importance of near-surface stresses for the 
path of propagation, i.e. to find out whether crack propagation into the bulk or crack 
propagation along the surface dictated which slip plane was preferred for crack growth. Two 
models were used in the calculations, one considering the stresses arising from the 
superposition of the stress field due to a crack propagating in a thin plate (Sih et al 1962) and 
that of a hole in a plate (HCH) (Timoshenko and Goodier 1961), and that due to a crack 
propagating vertically into the bulk (VC). The combined stresses were resolved onto all 
twelve slip systems. Only slip systems with a high Schmidt factor were considered, because 
it was assumed that a crack propagating on slip planes would have to mainly be driven by 
the dislocations on the most highly stressed slip system. The results are shown in Tables
8.3.2 and 8.3.3.
The modelling of the cracking for the RTA alloy showed a good coiTelation with the 
observations made near indentations in specimens J and G, studied in depth by Nomarski 
microscopy at various stages of the fatigue life. All but two of the calculations, where the 
stress field of a crack had been superimposed on the stress field of a hole in a plate, gave 
high values for the most highly stressed slip system corresponding to the plane where 
cracking was observed. It was observed that the crack propagated along the full length of the 
ridge of the indentation before it continued propagating along the surface away from the 
indentation. In the case where only one crack was initiated, this would mean that the crack 
length would be approximately equal to the diagonal of the indentation (-140 p,m) at the stage
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where it was free from the constraint of the indentation shape. It was therefore expected that 
the crack would have propagated some depth into the material, and that this would be 
important in terms of which slip plane the crack would propagate along.
For six of the eleven indentations which were studied, a good correlation was found 
between observations of cracking and the calculations from the HCFl model. It was also 
found that the HCH model tended to give higher values for the resolved shear stresses on the 
slip systems with the highest Schmidt factors in comparison with calculations based on the 
stress field of a crack alone. This suggests that the presence of the indentation adds to the 
driving force for crack propagation.
In two cases where no conelation was found when the HCH model was applied, a 
good correlation was found between observations and the VC model (J17 and J29). This 
suggests that the crack has propagated a certain distance into the material and thereby forced 
the rest of the crack to continue propagating on this plane. In these two cases, it is worth 
noting that the values for the resolved shear stresses calculated from the HCH model were 
very low as well, relatively speaking, while the values calculated for the VC model were 
much higher for these two orientations than for any of the other orientations. In all other 
cases, there was no correlation between the values calculated for the vertically propagating 
crack and observations of cracking.
In two of the three cases where cracks were not observed, or had only propagated a 
few microns away from the corner of the indentation (J1 and G l), the calculations gave small 
values for the resolved shear stresses. In the third case (G25), the correlation was not as 
good, but still with resolved shear stresses lower than was obtained by any of the other 
calculations that correlated with observations of cracking.
The results of the calculations suggest that the surface stresses are important in most 
cases in determining the slip plane along which a crack will propagate. It may also suggests 
that the crack preferentially propagates along the surface before it grows into the bulk. 
McEvily and Bottner (1963) observed that cracks in pure aluminium propagate at a higher 
rate at the surface, and it is known that PSBs in poly-crystalline materials do not necessarily 
propagate very deeply into the bulk (Polak 1991), and it may be that cracks originating at 
indentations also remains shallow in most cases. This introduces the idea of a size effect in 
the case of indentations, because a crack which has propagated across the whole indentation 
(to a length equal to the diagonal of the indentation) will have a depth at least equal to the
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depth of the indentation. Fewer cycles are thereby spent in Stage I propagation.
The present application of the crack-tip stress calculations has not been previously 
reported, but they have been correlated with observations of fatigue shear crack propagation 
(Nageswararao and Gerold 1976, Duquette et al 1970). Duquette et al applied the formulation 
of crack tip stresses to fatigue cracking in single crystals of a nickel-base superalloy (fee). 
The specimens were cycled in stress control using a ratio of minimum to maximum stress of 
R = 1/9. They had found experimentally that cracks propagated in shear almost through the 
whole thickness of the specimen until final fracture by tensile shearing at a different angle. 
The calculations showed that the stress lobe ahead of the crack was largest for the two most 
highly stressed slip systems on the plane where cracking was observed.
Nages wararao and Gerold (1976) attempted the same analysis of Stage I crack 
propagation as Duquette et al in an investigation of crack propagation in notched plate-shaped 
specimens of a high-purity Al-Zn-Mg alloy. They studied a range of single-crystal 
orientations, and found that the cracks remained well confined to a plane parallel to the 
primary slip plane over a large fraction of the growth stage. The calculations showed that 
the stresses on the primary slip system were relatively much higher than the stresses on any 
other slip system ahead of the crack tip. It is not stated how well the calculations matched 
the cracking for other crystal orientations, but their work does suggest the importance of the 
dependence of Stage I cracking on the stress on the primary slip system. It was suggested 
that heterogeneous slip is essential. Since this mode is prevalent in the present RTA Al-Cu- 
Mg alloy, it seems natural that the results from the Al-Zn-Mg should be comparable to the 
alloy investigated in the present study.
222
Chapter 10
Conclusions 
and suggestions for future work
10.1 CONCLUSIONS
For the conclusions of the preliminary work on fatigue and indentation reported in 
chapters 5 and 6, respectively, the reader is referred to the summaries of results at the end of 
these chapters. The following conclusions can be drawn from the present work on the effect 
of indentation on the room-temperature aged and high-temperature aged Al-Cu-Mg alloy:
In the RTA alloy the regions around indentations are sites of preferred slip 
during the initial fatigue cycles. The slip occurs on slip systems with a high 
Schmidt factor, but not necessarily on the active fatigue slip system.
• In the HTA alloy, a higher density of slip lines appears near the indentation 
after a few thousand cycles, but only on slip planes containing the active slip 
system in fatigue. The development of surface slip after further cycling 
appears to be independent of the indentation.
• Modelling suggests that the early slip concentrated near the indentation in the 
RTA alloy may be due to the residual indentation stress field.
• The initial surface slip markings appear symmetrically around the indentation 
in both alloys.
The dislocation density immediately beneath the indentations in both alloys is
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very high and associated with multiple slip.
By direct observation, it would appear that S precipitates are sheared and 
fragmented by indentation, but no evidence of S precipitate shearing as a result 
of fatigue has been found.
Further into the fatigue life, indentations are in some cases associated with 
regions of more intense slip than elsewhere in the indented grains, but in other 
cases the presence of the indentation appear to cause a delay in the formation 
of surface slip.
Cracking is preferentially initiated at the tip of the indentation or along the 
ridges of the indentation oriented approximately normal to the stress axis.
The crack tip is not associated with a higher density of surface slip markings.
Rounding of indentations by electro-polishing delays the onset of cracking 
from indentations in both ageing states.
High-temperature ageing after indentation delays the onset of cracking by 
producing a refined precipitate structure in the plastically deformed zone 
around the indentations.
. In the RTA specimens cracks propagate preferentially, but not always, along 
PSBs corresponding to the most highly stressed slip-system.
Cracking from indentations in the HTA alloy follows traces of (111 }and (001} 
planes as well as curved paths.
For a given plastic strain amplitude, cracks propagate at a significantly higher 
rate in the RTA specimens compared to the HTA specimens.
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Results of the modelling of cracking near the indentation in the RTA alloy 
suggests that cracks propagate faster along the surface than into the bulk.
10.2 SUGGESTIONS FOR FUTURE WORK
Due to the shape of the fatigue specimens, which were designed to facilitate surface 
observations and to cut TEM foils from the surface layers as well as the bulk, it was not 
possible in the present work to study the effect of indentation on the fatigue life. Future work 
should therefore include fatigue of indented specimens with cylindrical cross-sections, i.e. 
with no features with comparable stress-concentration to that of the indentation. These 
experiments should include a range of indentations sizes to find a possible critical size of the 
indentation relative to specimen size (and possibly the grain size) to cause ultimate failure of 
the specimens. Experiments should also be carried out on mono-crystals in order to assess 
the rate of crack propagation along the surface and into the bulk of Stage I cracks.
In the present work, some modelling was attempted in order to get an idea about the 
distribution of stresses involved in the indentation process and its effect on the fatigue 
process. It would be beneficial to carry out X-ray measurements of the residual stresses near 
the indentation as a function of the number of fatigue cycles, to find the relative importance 
of the indentation shape and the residual stresses. In order to find the effect of crystallinity 
of the material, these experiments should be carried out on both single-crystalline material and 
poly-crystalline material.
With the recent advances in finite element modelling, this technique could easily be 
employed to find the stress concentrating effect of the indenter shape.
The effect of the S precipitates should be further investigated. TEM analyses of the 
distribution of S precipitates as a function of distance from the indentation should be made 
on mono-crystals, to produce a number of indentations with equal orientation and deformation 
patterns.
Investigations should also be carried out to assess the effect of the S precipitate 
structure obtained after different ageing times on fatigue, by applying TEM in parallel with 
surface studies on the development of surface slip and cracking.
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Appendix A Analytical stress field solutions
A1 The elastic point contact on a half-infinite solid by Boussinesq
The stresses around an elastic point contact was analyzed by Boussinesq (1885), and 
are given by:
Oj. = — [1 -  2v -  2(2 -  v) COS0] (Ala)
o . = ^  (1 -  2v)[cos0     ] (A lb)* 1+COS0
o = ^  (1 -2 v )  cos^0
 ^ 2iTr^ 1 + COS0
P  (1 -  2 v) sin0 COS0 
27ur^ 1 + COS0
(Ale)
(A id)
A2 Hills solution for the stress field surrounding a pressurized cavity in an infinite 
medium.
The stresses in the plastic region around a cavity are given by (Og = a^):
o = -  2 y  (In— + —) o . = -  K(21n— - —) , Ci<r<c  (A2a-b)r 3 * r 3
In the suiTOunding plastic region the expressions are:
O = -  I R !  o . = r k C (A3a-b)
3r^ * 37-^
The residual stresses in the material surrounding the unpressurized cavity are given by:
o = -  -  21n(—) + p ( —)  ^ (A4a)3 r ~ r
^  -  2 1 n (-^ ) - /7 (y )^ , a < r < c  (A4b)
where p is the cavity pressure. In a fully pressurized cavity, causing yielding a distance c 
into the material, p is given by:
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p  = —  (3 1 n - + 1) (A4c)3 a
A3 Johnson’s adaptation of Hill’s spherical cavity solution.
The modified Hill’s solution used by Johnson (1985) of the stresses around an 
indentation in a semi-infinite body at peak load are given approximately by Eqs. A 1-2, with 
Gq = 0. For the residual stresses, Johnson suggests that the elastic stress to be subtracted from 
the loading stresses have the form of Hertzian stress field, given in Eq. 3.4, giving residual 
stresses in the plastic/elastic region as
o_ = - 2 F ( ln -  +-1) -  - 2 v )  (A6a)r 3 2r"
Oj, = - y ( 2 1 n - - - )  + ^ ^ ( 1 - 2 v ) ,  a < r < c  (A6b)* '' r 3' 2r=
where p^ is the mean indentation pressure. In the surrounding elastic volume the expressions 
are:
 ^ 2 I V  (A7a)
3 r i  2 r^
a* = - 2 v ) ,  TkC (A7b)* 3^3 2 r "
A4 The indentation model due to Perrott.
The stresses given by the Perrott model for the peak loaded indentation in the plastic 
region are given by:
Y r 2Y r= —  (2 1 n -  + 1 ) o . = - I n -  (A8a-b)
/3  ^ ■ v/3
In the elastic region, the elastic stresses at pead load are given by:
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%  = Z ( 2 1 n | - 1 ) ,
y/3
a < r < c (A8c)
y  c"  _cj_ — ----------------- Oo -  0 Y r ^ c  (A9a-c)
The residual stresses in the plastic region closest to the impression where yielding is predicted 
during unloading are given by:
2 y, r  y ^Op — — I n — O a  — —  ( I n — + 1) (AlOa-b)
2 y  r= ^ ( I n J L  + 1 ) , r £ 0.450 c (AlOc)
«
The residual stresses in the plastic region outside this region of yielding are given by:
o_ = —  (2 In— + 1 -  a — ) r (A lla-b )
o . = —  ( 2 1 n - -  1 + a —  ) ,  0.450c <r<C* ^  r
where a  = 1.213a/c. In the elastic region the stresses are given by:
(A llc )
Or = —  (1 -  « )  
v/3
G0 = 0 G. = -  o ^ , r ^ c
(A12a)
(A12b-c)
A5 The Swain and Hagan model for an expanding hole in a plate.
The stresses predicted in the plastic region at peak load by Swain’s and Hagan’s model 
aie given by (Oq = 0):
2 y  r 1 2 y  r 1o -  -  —  ( I n -  + - )  o . = -  —  ( I n -  -  , a < r < c  (A13a-b)c 2 ♦ ^  c l ’
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In the elastic region the stresses aie given by:
o . = -  o . = -  —  —  , r  k c  (A14a-b)
* p .
The residual stresses at full unloading were taken to be identical to the loading stresses, but 
they also discussed an approach suggested by Johnson, which was adopted in the present 
work, where the stresses at full unloading are given by the peak loading stresses, and added 
a Hertzian component identical to the Hertzian terms in Eq. (A6a-b).
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The computer programs were written in QBasic, and the subroutines included geometric 
manipulations, e.g. transformations between different orthogonal coordinate systems, and 
calculations of the various models applied. The following sub-routines were used to calculate 
stresses around the indentations: Swainres (Calculation of residual resolved shear stresses 
predicted by the model due to Swain and Hagan), Crack (Calculation of stresses around a 
crack tip), Rotate (Rotation of coordinate systems for the cracks to match that of the 
coordinates of the hole), Sphercart (Transformation from sperical to cartesian coordinates), 
Cartcartloc (Transformation from cartesian coordinates of indentation models to the local 
coordinates of the indented grains) and Resolved (Calculation of resolved shear stresses from 
the stress tensor in local cartesian coordinates). All other sub-routines were either trivial or 
can be easily programmed by small alterations of the sub-routines below.
SUB Swainres is passed the parameter "r", which is the distance from the indentation, and 
returns a stress tensor in spherical/polar coordinates which is the sum of the peak stresses and 
the contribution of a Hertzian field:
SUB swainres (stressppO, r)
'Gives the residual surface stress field, normalized (devided) by Y convert = 9.81# / 1000000!'from kg/m2 to MPa 
a = 6,999999999999999D-05'm (70 microns) c = 3 ! * a
y = 91!' (91 MPa, 220 MPa in peak aged condition, 0,1% PS) pi = 3.141592653589793# ny = 1 ! / 3 !E = 70000 I'Elastic constant
pave = 2! * Y * (1! + LOG(E * TAN(22! * pi / 180!) / (3! * Y))) / 3!IF r = 0 THEN r = chertz = pave * (a / r) 2 * (1! - 2! * ny) / (2! * Y)SELECT CASE r CASE IS < c
sigmar = -(2! / SQR(3!)) * (.5# LOG (c / r) ) - hertzsigraatheta = 0!sigmaphi = -(2 1 / SQR(3 !)) * (-.5# + LOG(c / r)) + hertz CASE IS >= c
sigmar = -(1! / SQR(3!)) * (c / r) ' 2 - hertzsigmatheta = 0! sigmaphi = -sigmar END SELECTstresspp (1, 1) = sigmar: stresspp ( 1, 2) =0!: stressppd, 3) - 01stresspp(2, 1) =0!: stresspp(2, 2) = sigmatheta: stresspp (2, 3) - 0 :stresspp (3, 1) =0!; stresspp (3, 2) =0!: stresspp (3, 3) - sigmaphiEND SUB
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SUB Cracks is passed the parameters "i" (0-180), which conesponds to the azimuthal 
angle around the indentation, "r", and "uni", which is the applied stress at infinity and the 
stress tensor in cartesian coordinates which represents the sties ses around a hole. The 
sub routine returns the stress tensor with the contributions from the crack tip added:
SUB crack {stressed, i, r, uni, d)DIM r (180) , klKiaO), kl2(180)DIM alpha(180), alphal(180), a (180)DIM sigma(3, 3), sigma1(3, 3) pi = 3.141592653589793#radius = .000001#'radius of crack tip or rather cut-off distance ra = .0000725#' - radius'distance to crack tip 
L = .0000025#'half length of the crack, 2.5 microns con = pi / 180 ! 
r(i) = rrot 1 = - . 511 * pi - d 'Rotation of stress tensor for crack at phi = 90 FOR i = 1 TO 3FOR k = 1 TO 3sigma(j, k) = 0 ! sigmal(j, k) = 0 i NEXT k NEXT jp = i * conrhol = SQR((r * COS (p) + ra * SIN (d) ) ' 2 -r (rrhorcosl = (r - ra * SIN(p - d)) / rholrhorl = anglecos(rhorcosl)kll(i) = uni * SQR(L / (2! * rhol) ) * COS (d)kl2(i) = uni * SQR(L / (2! * rhol)) * C O S ( d )  *IF p < d + .5# * pi THENalphal (i) = p - d - rhorl
SIN(p) - rc
2SIX(d)
COS(d)) 2 )
i + .5# * pi AND p = p - d + rhorl - 1 - 1.5# * pi THEN = p - d - rhorl -
.5# 
< d .5#ELSEIF p >= alphal(i)ELSEIF p >=alphal(i)  2.5i END IF'Stress calculations for the crack: sin2 = SIN(alphal(i) / 2!) sin32 = SIN(3! * alphal(i) / 2!) cos2 = COS (alphal(i) / 2!)
pi 1 .5i pi
' pi
pi THEN
cos32 = sigmaxl 
sigmax2 sigmayl sigmay2 thauxy1 thauxy2 sigma(1, sigma(1, sigma(1, sigma(2, sigma(2, sigma(2, sigma(3,
COS (3 ! * alphal (1) / 2!) cos2 * (1! - sin2 * sin32) -sin2 * (2! + cos2 * cos32) cos2 * (1! + sin2 * sin32) cos2 * sin2 * cos32 -cos2 * sin2 * cos32 -cos2 * (1! - sin2
1 )
2 )3)
1 )
2 )3)1)
sigmaxl thauxyl
thauxy1 sigmayl
2 )CALL rotate(sigma 0, sigmal(), 'Stress tensor of combined effect 
1
kll(i) kll(i)
0 !
kll(i) kll(i)
0!0 >: sigma(3,
sin32)+ kl2 (i) + kl2(i)
+ kl2(i) 
+ kl2(i)
sigmax2Chsuxy2
thauxy2thauxy2
stresse(1, stressed, 2) stresse(1, 3) stresse(2, 1)
stresse(2, 2) stresse(2, 3)stresse(3, 1)stresse(3, 2) stresse(3, 3) END SUB
stresse(1, 
stresse(1, stresse(1, stresse(2, 
stresse(2, stresse(2, stresse(3, stresse(3, stresse(3,
1 )
2 )3)
1 )
2 )3)
1 )
2 )3)
= 0 î: sigma(3, i, rotl) of cracks (with 
+ sigmal (1, 1)+ sigmal(1, 2)
0 !3) =
holes if chosen)
sigmal(2, sigmal(2, 1 )2 )
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SUB Rotate is called from SUB Crack, and rotates the stress tensors calculated from the 
crack tip to match the cartesian coordinate system defined for the hole:
SUB Rotate (sigma(), sigma2(), i, ra)DIM rot (3, 3)rot(1, 1) = COS(ra): rot(1, 2) = SIN(ra): rot(1, 3) = 0!rot(2, I) = -SIN(ra): rot(2, 2) = COS(ra): rot(2, 3) = 0!rot(3, 1) =01: rot(3, 2) =0!: rot(3, 3) = 1ÎFOR j = I TO 3FOR k = 1 TO 3FOR 1 = 1 TO 3 FOR m = 1 TO 3sigma2(j, k) = sigma2(j, k) + rot(j, 1) * rot (k,  m) * sigma (1,  m)NEXT m NEXT 1 NEXT k 
NEXT j END SUB
SUB Sphercart transforms the stress tensors calculated in spherical coordinates to cartesian 
coordinates:
SUB Sphercart (stressed, stressp ( ) , m)DIM a (3, 3)pi = 3.141592653589793#
theta = pi / 2 1phi = m * pi / 100!a (1, 1) = SIN(theta) * COS(phi)a (1, 2) = COS(theta) * COS(phi)a(l, 3) = -SIN(phi)a(2, 1) = SIN(theta) * SIN(phi)a (2, 2) = COS (theta) * SIN (phi)a(2, 3) = COS(phi)a (3, 1) = COS(theta)a(3, 2) = -SIN(theta)a(3, 3) = 0!FOR i = 1 TO 3FOR j = 1 TO 3FOR k = 1 TO 3 FOR 1 = 1 TO 3stressed, j) = stressed, j) + a ( i, k) * a(j, 1) * stresso (k,  11NEXT 1 NEXT k
IF ABS (stresse d, j) ) < .0001 THEN stressed, j) " 0 :NEXT j NEXT i END SUB
SUB Cartcartloc transforms the stress tensor from the cartesian coordinate system where 
the surface of the grain is in the plane z = 0 and the stress axis coincides with the positive 
x-axis, to the local cartesian coordinates of the grain.
SUB Cartcartloc (grain (), stressed, stress loc ( ) )'Cartesian coordinates of stress tensor co cartesian coordinates of grain:FOR i = 1 TO 3 FOR j = 1 TO 3 FOR k = 1 TO 3 FOR 1 = 1 TO 3
stressioc(i, j) = stressloc(i, j) + grain(k, i) ' g ra in(1, i) * stresse(k, i) NEXT 1 NEXT k
IF ABS(stressloc(i, j)) < .0001 THEN stressloc(i, j) = 0!NEXT j NEXT i END SUB
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SUB Resolved calculates the resolved shear stresses on the twelve slip systems from the 
stress tensor in local cartesian coordinates:
SUB resolved (sigma {>, stresslocO, m) DIM Is (4, 3, 3) , Ip(4, 3) sq2 = SQR(2!): sq3 = SQR(3!)a = 11 / sq2 : b = -a : c = 1 ! / sq3 : d = -c'Direction cosines (cubic planes - slip planes'Is (slip plane index j. slip direction index iIs (1, 1, 1 ) = a: ls(l, 1, 2) = b: ls(l, 1, 3)Is (1, 2, 1 ) = a : ls(l, 2, 2) = 0! : ls(l, 2, 3)Is (1, 3, 1 ) = 0 ! : Is (1, 3f 2) = a; ls(l, 3, 3)Is (2, u 1) = a: Is(2, 1, 2) = a: Is(2, 1, 3)Is (2, 2, 1 ) = a: Is(2, 2, 2) = 01 : Is (2, 2, 3}Is (2, 3, 1) = 01: Is(2, 3, 2) = a : ls(2, 3, 3)Is (3, 1, 1) - a: Is(3, 1, 2) = b: Is (3, 1, 3)Is (3, 2, 1) = a: Is(3, 2, 2) = 01: Is(3, 2, 3)Is (3, 3, 1) = 0Î : Is(3, 3, 2)  = a : Is (3, 3, 3)Is (4, 1, 1) = a: Is(4, ], 2) = a : Is(4, 1, 3)Is (4, 2, 1 ) = a: Is(4, 2, 2) =01: Is(4, 2, 3)Is (4, 3, 1) = 0! : Is(4 , 3 / 2 ) = a : Is(4, 3, 3)' Ip (slip plane index j, cubic plane index 1)
lp(U 1) = c: Ip(1, 2) = c : Ip ( 1, 3) = cip (2, 1) = d: lp(2, 2) = c : Ip(2, 3) = clp(3, 1) = d: Ip(3, 2) = d: lp(3, 3) = clp(4, 1) = c; Ip(4, 2) = d ; Ip (4, 3) = cFOR i = 1 TO 3FOR j = 1 TO 4FOR k = 1 TO 3 FOR 1 = 1 TO 3
sigma (m, 1, j) = sigma (m, i, j) + is(j, NEXT 1 NEXT k NEXT j NEXT i END SUB
K ) o ( ;, : ) ' s: ress ! oc: (k, ] )
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C l The stress field equations the stresses due to a crack propagating along the 
surface a t an angle Ô to the tensile axis of the specimen:
For the calculations of the stresses near a crack propagating along the surface, the expression 
derived by Sih and Liebowitz (1968) was used:
çfr = — - r (3 -  COSg) cos — + Â ^^(3cosa -  1) s in—] (Cla)
2 / 2  Tip 2 2
= -----  [ Æ y(l + COS a ) cos— -  J^r/3sina  cos-^] (Clb)^ 2 y / 2 ^  2 "  2
=  ------— [ ^ ^ s in a c o s — + J ^ ( 3  cos a  -  1) cos — ] (Clc)
2 /2  T i p  2 2
where the stress intensity factors used are given by:
K j  = a ^ y j n T ^ c o s ^ ô  K j i  = o^yZ-reZ^sinÔ  COSÔ (Cld)
and where the length of the crack was set to 21^  = 5 pm. The negative sign in the expression 
for the shear stress component is due to a rotation of the coordinate system in order to make 
the z-axis parallel with the z-axis of the indentation models.
C2 The stress field near a hole in a plate in uni-axial tension:
The stress field due to a hole in a plate in tension (Timoshenko and Goodier 1961) 
is given by:
a ,  = —  [(1 -  — ) + (1 + 3 —  - 4 — ) cos 2*] (^2^)'  2 r*
o j  = - 4  [ (1  + " 4 )  -  (1  + 3 - | )  C0s2<j)] 2
A  = - - ^ ( 1 - 3 — + 2 — )sm2(l) (C2c)^  2 r ‘> rz
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where r,, = <xNl was taken to be the radius of the hole and where the negative sign in the 
expression for the shear stress component is due to a rotation of the coordinate system to 
make it coincide with the coordinate system given by the indentation models. The resulting 
stresses are shown in Fig. 7.5.2(a-c). When (the uniaxial stress applied at "infinity") is set 
to unity, the resulting resolved shear stresses are reduced to values close to the Schmid factors 
at r -  Sr .^
C3 Expressions for the coordinates used in the HCH model:
The length of the local coordinate vector for the crack tip p = p(r, (j), 6) is given by:
 ____________________________________ (C3a)
p = J  (rcoscj) + /^sinô)“ + (rsiiwj) -  l^cosb)~
and the angle a  = a(r, (|), 5) which relate the orientation of p with the angle (j) is:
a = (j) -  Ô -  A.(r, p) -  7i/2 , 0  ^ (j) < Ô + 71/2
a = <j) -  Ô + A.(l\ p) -  7t/2 , Ô + 71/2 ^  < Ô + 3  tu/2 (C3b)
where A. (r, p) is given by:
A. (r, p) = cos"^ [ — ( r  -  Zg sin(4) -  ô)] (C3c)
P
C4 The stresses near a crack tip ( plane strain):
The stresses for a crack propagating into the bulk was taken from Hellan (1979), and the 
expression aie given by:
— -—  [ jRT/Cos— (1 -  s in — s in - ^ )  -  Rnsm— (2 + cos— cos —  )1 (C4a)^  ‘ 2 2 2 " 2  ^ 2 2
— -— f ^T,cos— (1 + sin— sin-5-B )^ + IsT,, sin— co s— cos-^-^1 (C4b)^  ‘ 2 2 2 '  "  2 2 2
 ^ i ;(r,sin— cos— cos^^ + XrrCos4 (1 ~ s in 4  sin^—)] (C4c)\ j2np
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Oy = V (Ojj. + o^) (C4d)
where the stress intensity factors K, and were calculated from:
K j = o^ /tÎT cos^ô  K jf  = O g/îï7 sinÔ cosÔ (C4e)
and where the length of this crack was also taken to be 2 / = 5 pm. A permutation of the 
coordinate axes has been made in order to align the coordinate system to the coordinate 
system of the indentation. The last expression, Cy, is included because of the plane strain 
assumption. In the above equations, the length "x" (the distance from the crack plane 
measured in pm) replaces (]) of model I as the independent parameter. The resulting stress 
tensor was resolved onto all twelve slip systems. (The coordinates used are given in 
appendix F5.)
C5 The coordinates used in the VC model:
The sti*esses were calculated at a given depth underneath the indentation, along a line 
parallel to the crack plane normal and extended a distance a/2 to either side of the crack, and 
p and P are therefore simply given by:
P = tan“  ^ ^  p = — (C5a-b)  d  cosp
where d is the vertical distance from the crack tip to the line along which the calculations 
were made, and x is the distance from the crack tip.
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S p e c i m e n  : E
I n d e n t a t i o n :  13
S u r f a c e  n o r m a l  
S t r e s s  a x i s :
0 . 9 2 5
- 0 . 3 6 5
- 0 . 2 3 1  
- 0 . 7 6 5
0 . 303 
0 . 5 3 1
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s
T r a c e  111 = - 0 . 3 7 7  - 0 . 4 3 9  0 . 8 1 6
T r a c e  - 1 1 1  = - 0 . 3 5 4  - 0 . 8 1 4  0 . 4 6 0
T r a c e  - 1 - 1 1  = 0 . 0 4 2  - 0 . 7 2 7  - 0 . 6 8 5
T r a c e  1—11 = 0 . 0 7 6  - 0 . 6 6 6  —0 . 7 4 2
A n g l e ( 1 1 1 ,  - 1 1 1  )=  3 0 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1  ) =  7 4 . 8
A n g l e ( - 1 - 1 1 ,  1 - 1 1  ) =  5 . 2
A n g l e ( 1 1 1 , - 1 - 1 1  ) =  1 0 4 . 8
A n g l e ( - 1 1 1 ,  1 - 1 1  ) =  8 0 . 0
A n g l e ( 1 1 1 ,  1 - 1 1  ) =  1 1 0 . 0
A n g l e s  : ({111}  , n  a n d  t ) , (b ,  n) , a n d  S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 54 .,9 1 1 0 . 2 [ 1 - 1 0 ] 3 5 . 2 0 . 0 9 8[ 1 0 - 1 ] 6 3 . 9 0 . 2 1 9
[ 0 1 - 1 ] 1 1 2 . 2 0 .  317
( - 1 1 1 ) 119  .,5 8 5 . 7 [ 11 0] 6 0 .  6 0 .  061
[1 01 ] 2 9 . 8 0 . 0 0 9
[ 0 1 - 1 ] 112 . 2 0 . 0 6 9
( - 1 - 1 1 ) 1 03 , ,0 1 6 . 5 [ 1 - 1 0 ] 3 5 . 2 0 . 2 7 1
[1 01 ] 2 9 . 8 0 .  112
[ O i l ] 87 .1 0 . 1 5 8
( 1 - 1 1 ) 32, .6 5 7 . 5 [ 11 0 ] 6 0 .  6 0 . 4 2 9
[ 1 0 - 1 ] 6 3 . 9 0 . 340
[ O i l ] 8 7 .  1 0 . 089
A n g l e s b e t w e e n t r a c e s ,  p l a n e s  a n d v e c t o r s  w i t h 111  t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
100 8 1 .  6 1 1 1 . 6 1 7 3 .  6 1 6 8 . 4
010 2 6 . 8 5 6 . 8 1 3 1 .  6 1 3 6 . 8
001 5 8 .  9 2 8 .  9 4 5 .  9 5 1 . 1
P l a n e  : < (n) < ( t )
100 2 2 . 4 1 1 1 . 4
010 1 0 3 . 4 1 3 9 .  9
001 7 2 .  4 5 7 . 9
V e c t o r  : < (111) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 3 1 .  4 1 6 1 .  4 1 2 3 . 8 1 1 8 . 6
1 - 1 0 8 5 .  6 5 5 .  6 1 9 . 2 24 . 4
101 5 1 . 3 8 1 .  3 1 5 6 . 2 1 6 1 .  3
1 0 - 1 1 5 9 .  9 1 2 9 . 9 5 5 . 1 4 9 . 9
O i l 7 4 . 5 1 0 4 .  5 1 7 9 . 3 1 7 5 .  5
0 1 - 1 1 6 3 .  3 1 6 6 .  7 9 1 .  9 8 6 . 7
100 1 7 1 .  6 158 . 4 8 3 .  6 78 . 4
010 1 1 6 .  8 1 4 6 .  8 1 3 8 .  4 133 . 2
001 3 1 . 1 6 1 . 1 1 3 5 .  9 141 . 1
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S p e c i m e n  : J
I n d e n t a t i o n :  1
S u r f a c e n o r m a l  n = 0 . 9 7 2  0 . 0 3 4  0 . 2 3 3
S t r e s s a x i s :  t = - 0 . 2 3 2  - 0 . 0 4 6  0 . 9 7 2
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s  :
T r a c e 111  = - 0 . 1 6 5 - 0 . 6 1 0  0 . 7 7 5
T r a c e - 1 1 1  = - 0 . 126 - 0 . 7 6 2  0 . 6 3 6
T r a c e  - 1 - 1 1  = 0 . 1 7 3 - 0 . 7 7 8  - 0 . 6 0 5
T r a c e 1 - 1 1  = 0 . 2 1 0 - 0 . 5 7 8  - 0 , 7 8 8
A n g l e ( 1 1 1 ,  - 1 1 1 )=  1 2 . 0
A n g l e ( —1 1 1 , - 1 - 1 1 )=  7 9 . 3
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  1 5 . 7
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  9 1 . 3
A n g l e ( - 1 1 1 ,  1 - 1 1 )=  9 5 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 0 7 . 0
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  s ) , (b ,  n ) , a n d  S c h m i d t f a c t o r s  :
P l a n e  : (<n) b  (<n) m
(11 1) 4 4 . 3 6 6 . 4 [ 1 - 1 0 ]  4 8 . 5 0 . 0 5 3[ 1 0 - 1 ]  5 8 . 5 0 .  341
[ 0 1 - 1 ]  9 8 . 1 0 . 2 8 8
( - 1 1 1 ) 1 1 4 . 0 48 .1 [ 1 1 0 ]  4 4 . 6 0 . 1 3 1
[ 1 0 1 ]  3 1 . 5 0 .  350
[ 0 1 - 1 ]  9 8 . 1 0 . 4 8 1
( - 1 - 1 1 ) 1 1 6 . 5 4 3 . 8 [ 1 - 1 0 ]  4 8 . 5 0 . 0 9 5
[ 1 0 1 ]  3 1 . 5 0 .  377
[ O i l ]  7 9 . 1 0 .  472
( 1 - 1 1 ) 4 7 . 5 6 3 . 0 [ 1 1 0 ]  4 4 . 6 0 . 0 8 9
[ 1 0 - 1 ]  5 8 . 5 0 . 3 8 6
[ O i l ]  7 9 . 1 0 . 2 9 7
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n;
T r a c e  : < (111) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 1 3 5 . 8 1 4 7 . 8 1 3 2 . 9  1 1 7 . 2
010 3 7 .  6 4 9 . 6 1 2 8 . 9  1 4 4 . 6
001 5 2 . 8 4 0 . 8 3 8 . 4  5 4 . 2
P l a n e  : < (n) < ( s )
100 1 3 . 7 1 0 3 . 4
010 8 8 . 0 9 2 . 6
001 7 6 , 5 1 3 .  7
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
110 1 4 1 . 2 1 5 3 . 2 1 2 7 . 5  1 1 1 . 8
1 - 1 0 6 5 . 1 5 3 . 1 2 6 . 2  4 1 . 9
101 3 4 .  4 4 6 . 4 1 2 5 . 7  1 4 1 . 4
1 0 - 1 1 4 1 . 1 1 2 9 . 1 4 9 . 9  3 4 . 1
O i l 8 3 . 2 9 5 . 2 1 7 4 . 5  1 6 9 . 8
0 1 - 1 1 7 1 .  6 1 7 6 .  4 9 7 . 1  8 1 . 4
100 1 3 4 . 2 1 2 2 . 2 4 2 . 9  2 7 . 2
010 1 2 7 .  6 1 3 9 .  6 1 4 1 . 1  1 2 5 . 4
001 3 7 . 2 4 9 . 2 1 2 8 . 4  1 4 4 . 2
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S p e c i m e n :  J  
I n d e n t a t i o n :  11
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 9 0 3  - 0 . 1 3 8  
= 0 . 2 8 2  - 0 . 5 2 3
0 . 4 0 6  
- 0 . 8 0 5
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s :
T r a c e 111 = - 0 . 4 2 7 - 0 . 3 8 9 0 .  816
T r a c e - 1 1 1  = - 0 . 3 3 8 - 0 . 8 1 3 0 .  475
T r a c e  - 1 - 1 1  = 0 . 1 5 8 - 0 . 7 7 3 - 0 . 6 1 5
T r a c e 1 - 1 1  = 0 . 2 8 2 - 0 . 5 2 3 - 0 . 8 0 5
A n g l e  ( 1 1 1 ,  - 1 1 1 ) =  32 . .0
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  73. .6
A n g l e {- 1 - 1 1 ,  1 - 1 1 ) =  19. , 4
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  10 5 . . 6
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  93 . ,0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 2 5 . .0
A n g l e s  : ( ( 1 1 1 ) , n a n d  t ) , (b ,  n ) , a n d  S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 47 .5 127  .1 [ 1 - 1 0 ] 4 2 .  6 0 . 3 4 3
[ 1 0 - 1 ] 6 9 . 4 0 .  464
[ 0 1 - 1 ] 112  . 7 0 . 1 2 0
( - 1 1 1 ) 111  .5 1 5 8 . 3 [ 11 0 ] 5 7 . 3 0 . 1 5 8
[ 10 1 ] 2 2 . 2 0 . 343
[ 0 1 - 1 ] 112  . 7 0 . 1 8 5
( - 1 - 1 1 ) 1 0 1 .  9 1 0 9 . 0 [ 1 - 1 0 ] 4 2 .  6 0 . 1 8 5
[ 10 1 ] 2 2 . 2 0 .1 2 0
[ O i l ] 79 . 1 0 . 3 0 6
( 1 - 1 1 ) 3 3 . 3 9 0 . 0 [ 11 0 ] 57 . 3 0 . 0 0 0[ 1 0 - 1 ] 6 9 . 4 0 . 0 0 0
[ O i l ] 7 9 . 1 0 . 0 0 0
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
100 9 6 , 0 1 2 8 . 0 1 5 8 . 4 1 3 9 . 0
010 2 3 . 1 5 5 . 1 1 2 8 .  7 1 4 8 . 1
001 6 3 . 3 3 1 . 3 4 2 . 3 6 1 .  7
P l a n e  : < (n) < ( t )
100 2 5 . 4 7 3 . 6
010 98 .  0 1 2 1 . 5
001 66 .  0 1 4 3 .  6
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
110 1 3 3 . 3 1 6 5 .  3 1 2 1 . 1 101 .7
1 - 1 0 92 .  3 6 0 . 3 1 3 . 3 3 2 . 7
101 4 3 . 2 7 5 . 2 1 4 8 . 8 1 6 8 . 2
1 0 - 1 1 5 9 .  9 1 2 7 . 9 5 4 .  3 34 . 9
O i l 7 2 . 1 1 0 4 . 1 1 7 7 . 7 1 6 2 . 9
0 1 - 1 1 5 7 . 5 1 7 0 . 5 9 7 . 0 77 . 5
100 1 7 4 . 0 1 4 2 . 0 6 8 . 4 4 9 . 0
010 1 1 3 . 1 1 4 5 . 1 1 4 1 .  3 1 2 1 .  9
001 2 6 . 7 5 8 . 7 1 3 2 . 3 151 . 7
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S p e c i m e n ;  J  
I n d e n t a t i o n :  17
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 9 5 1  - 0 . 1 5 0  
= 0 . 0 9 8  0 . 9 7 5
0 . 2 7 0  
0 . 1 9 7
S l i p  t r a c e  i n d i c e s ; a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111 = - 0 . 309 - 0 . 5 0 0  0 . 809T r a c e - I l l  = - 0 . 277 - 0 . 8 0 4  0 . 527
T r a c e  - 1 - 1 1  = 0 . 073 - 0 . 7 4 1  - 0 . 668
T r a c e 1 - 1 1  = 0 . 113 - 0 . 6 4 4  - 0 . 757
A n g l e ( I l l ,  - 1 1 1 ) =  2 4 . 0
A n g l e  ( - 1 1 1 , - 1 - 1 1 ) =  7 7 . 1A n g l e {- 1 - 1 1 ,  1 - 1 1 ) =  7 . 9
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  1 0 1 . 1
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  8 5 . 0
A n g l e ( 11 1 ,  1 - 1 1 ) =  1 0 9 . 0
A n g l e s  ; ( ( 1 1 1 ) ,  n a n d  t ) , (b ,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 5 1 . 8 4 2 . 8 [ 1 - 1 0 ] 3 8 . 8 0 . 4 5 5
[ 1 0 - 1 ] 6 1 . 2 0 . 051
[ 0 1 - 1 ] 1 0 7 . 3 0 . 404
( - 1 1 1 ) 1 1 8 . 7 5 1 . 7 [ 1 1 0 ] 5 5 - 5 0 .  471
[ 101 ] 3 0 . 3 0 . 1 3 0
[ 0 1 - 1 ] 1 0 7 . 3 0 . 341
( - 1 - 1 1 ) 1 0 7 . 8 1 2 0 . 4 [ 1 - 1 0 ] 3 8 . 8 0 . 3 1 4
[ 101 ] 3 0 . 3 0 .  106
[ O i l ] 8 5 . 1 0 . 4 2 0
( 1 - 1 1 ) 3 7 . 6 1 1 3 . 1 [ 110 ] 5 5 .  5 0 . 2 9 8
[ 1 0 - 1 ] 6 1 . 2 0 . 0 2 8
[ O i l ] 8 5 . 1 0 . 3 2 5
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 92 .  5 1 1 6 . 5 1 6 6 . 4 158 . 5010 3 0 . 4 5 4 . 4 1 3 1 . 5 1 3 9 . 4001 5 7 . 2 3 3 . 2 4 3 .  9 5 1 .  8
P l a n e  : < (n) < ( t )
100 1 8 . 0 8 4 . 4
010 9 8 . 7 1 2 . 7
001 7 4 . 3 78 . 6
V e c t o r  : < (11 1)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )110 1 3 3 .  9 157  . 9 1 2 5 . 0 117 . 11 - 1 0 7 7 . 6 5 3 .  6 2 3 .  5 31 . 4
101 4 5 . 5 6 9 . 5 1 4 6 .  6 154 . 51 0 - 1 154 . 4 1 3 0 . 4 5 3 . 3 4 5 . 4O i l 7 7 . 3 1 0 1 . 3 1 7 8 . 4 1 7 3 . 7
0 1 - 1 1 6 5 .  8 170  . 2 9 3 . 1 8 5 . 2
100 1 7 7 .  5 1 5 3 .  5 7 6 . 4 6 8 : 5010 1 2 0 .  4 144 . 4 1 3 8 . 5 130 . 6001 32 .  8 5 6 . 8 1 3 3 . 9 1 4 1 . 8
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S p e c i m e n  : J
I n d e n t a t i o n :  21
S u r f a c e n o r m a l  n = 0 . 9 7 8  - 0 . 0 9 7  0 . 1 8 3
S t r e s s a x i s :  t = 0 . 0 5 8  - 0 . 7 1 8  - 0 . 6 9 3
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s :
T r a c e 111 = - 0 . 2 0 5 - 0 . 5 8 2  0 . 7 8 7
T r a c e - 1 1 1  = - 0 . 188 - 0 . 7 8 2  0 . 5 9 4
T r a c e  - 1 - 1 1  = 0 . 0 5 4 - 0 . 7 3 3  - 0 . 6 7 9
T r a c e 1 - 1 1  = 0 . 072 - 0 . 6 6 8  - 0 . 7 4 0
A n g l e ( 1 1 1 ,  - 1 1 1 ) =  1 6 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  8 0 . 8
A n g l e ( - 1 - 1 1 ,  1 - 1 1 ) =  5 . 2
A n g l e { 1 1 1 , - 1 - 1 1 ) =  9 6 . 8
A n g l e { - 1 1 1 ,  1 - 1 1 ) = 8 6 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 0 2 . 0
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  t ) , (b ,  n ) , a n d  S c h m i d t f a c t o r s  ;
P l a n e  : (<n) ( < t ) b (<n) m
(1 1 1) 5 2 . 1 1 4 1 .  4 [ 1 - 1 0 ]  4 0 . 5 0 . 429
[ 1 0 - 1 ]  5 5 . 8 0 . 4 1 5
[ 0 1 - 1 ]  1 0 1 . 4 0 . 0 1 4
( - 1 1 1 ) 1 2 1 . 0 1 4 8 . 1 [ 1 1 0 ]  5 1 . 4 0 . 396
[1 01 ]  3 4 . 8 0 . 381
[ 0 1 - 1 ]  1 0 1 . 4 0 . 0 1 5( - 1 - 1 1 ) 1 1 3 . 8 9 1 . 1 [ 1 - 1 0 ]  4 0 . 5 0 . 0 1 1
[ 1 0 1 ]  3 4 . 8 0 . 0 0 9
[ O i l ]  8 6 . 5 0 . 0 1 9
( 1 - 1 1 ) 4 3 . 4 87 .3 [ 1 1 0 ]  5 1 . 4 0 . 0 2 2
[ 1 0 - 1 ]  5 5 . 8 0 .  025
[ O i l ]  8 6 . 5 0 . 048
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 9 8 .  3 114 . 3 1 6 4 . 9  1 5 9 . 7
010 3 5 . 8 5 1 .  8 1 3 2 . 6  1 3 7 . 8
001 5 3 . 2 3 7 . 2 4 3 . 6  4 8 . 8
P l a n e  : < (n) < ( t )
100 1 1 .  9 8 6 . 7
010 9 5 .  6 1 3 5 .  9
001 7 9 . 5 1 3 3 . 9
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )110 1 3 5 .  4 1 5 1 . 4 1 2 7 . 8  1 2 2 . 6
1 - 1 0 65 .  7 4 9 . 7 3 1 . 1  3 6 . 3
101 4 3 .  9 5 9 . 9 1 4 0 . 7  1 4 5 . 9
1 0 - 1 1 4 8 .  0 1 3 2 . 0 5 1 . 2  4 6 . 0
O i l 8 1 .  7 9 7 . 7 1 7 8 . 5  1 7 6 . 3
0 1 - 1 1 7 1 .  0 1 7 3 .  0 9 2 . 2  8 7 . 0
100 1 7 1 . 7 1 5 5 . 7 7 4 . 9  6 9 . 7
010 1 2 5 .  8 1 4 1 . 8 1 3 7 . 4  1 3 2 . 2
001 3 6 . 8 5 2 . 8 1 3 3 . 6  1 3 8 . 8
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S p e c i m e n  : J  
I n d e n t a t i o n :  2 9
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 8 9 3  
= - 0 . 1 7 5
- 0 . 1 6 7  0 . 4 1 8  
- 0 . 9 8 4  - 0 . 0 1 9
S l i p  t r a c e  i n d i c e s a n d  a n g l e s  b e t w e e n  t r a c e s :
T r a c e 111 = - 0 . 450  - 0 . 3 6 5  0 . 8 1 5
T r a c e - I l l  = - 0 . 364 - 0 . 8 15  0 . 4 5 1
T r a c e  - 1 - 1 1  = 0 . 147  - 0 . 7 69  - 0 . 6 2 2
T r a c e 1 - 1 1  = 0 . 278  - 0 . 5 2 6  - 0 . 8 0 4
A n g l e ( I l l ,  - 1 1 1 ) =  3 4 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1 )=  7 3 . 0
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  1 9 . 0
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  1 0 7 . 0
A n g l e ( - 1 1 1 ,  1 - 1 1 )=  9 2 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 2 6 . 0
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  t )  , (b , n ) , a n d  S c h m i d t f a c t o r s  ;
P l a n e  : (<n) ( < t ) b (<n) m
(11 1) 4 8 . 7 1 3 2 . 9 [ 1 - 1 0 ]  4 1 . 4 0 . 389
[ 1 0 - 1 ]  7 0 . 4 0 . 0 7 5
[ 0 1 - 1 ]  1 1 4 . 4 0 . 4 6 4
( - 1 1 1 ) 1 1 1 . 8 1 1 8 .  6 [ 1 1 0 ]  5 9 . 1 0 . 392
[ 1 0 1 ]  2 2 . 0 0 . 0 6 6
[ 0 1 - 1 ]  1 1 4 . 4 0 . 3 2 6
( - 1 - 1 1 ) 1 0 0 . 2 4 8 . 8 [ 1 - 1 0 ]  4 1 . 4 0 . 3 7 7
[1 0 1 ]  2 2 . 0 0 . 0 9 1
[ O i l ]  7 9 . 8 0 .  467
( 1 - 1 1 ) 3 1 . 4 6 2 . 9 [ 1 1 0 ]  5 9 . 1 0 .  374
[ 1 0 - 1 ]  7 0 . 4 0 . 0 5 0
[ O i l ]  7 9 . 8 0 . 3 2 4
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111  t r a c e s  a n d  n a n d  t :
T r a c e  : < (1 1 1 )  < ( - 1 1 1 )  < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 9 2 . 1 1 2 6 . 1 1 6 0 . 9  1 4 1 . 9
010 2 1 . 7 5 5 .  7 1 2 8 . 7  1 4 7 . 7
001 6 3 . 8 2 9 . 8 4 3 . 2  6 2 . 2
P l a n e  : < (n) < ( t )
100 2 6 . 7 1 0 0 . 1
010 99 .  6 1 6 9 . 8
001 6 5 . 3 9 1 . 1
V e c t o r  ; < (111)  < ( - 1 1 1 )  < ( - 1 - 1 1 )  < ( 1 - 1 1 )
110 1 3 2 . 2 1 6 6 . 2 1 2 0 . 8  1 0 1 . 8
1 - 1 0 9 5 . 2 6 1 . 2 1 1 , 8  3 0 . 8
101 4 6 . 5 8 0 .  5 1 5 3 . 5  1 7 2 . 5
1 0 - 1 1 6 1 . 7 127 . 7 5 4 . 7  3 5 . 7
O i l 7 1 . 1 1 0 5 . 1 1 7 8 . 1  1 6 2 . 9
0 1 - 1 1 5 6 .  5 1 6 9 .  5 9 6 . 6  7 7 . 5
100 1 7 7 .  9 1 4 3 . 9 7 0 . 9  5 1 . 9
010 1 1 1 .  7 1 4 5 . 7 1 4 1 . 3  1 2 2 . 3
001 2 6 . 2 6 0 . 2 1 3 3 . 2  1 5 2 . 2
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S p e c i m e n :  G
I n d e n t a t i o n :  1
S u r f a c e n o r m a l  n = 0 . 0 0 9  - 0 . 8 2 4 0 . 566
S t r e s s a x i s :  t = 0 . 2 1 7  - 0 . 5 5 1 - 0 . 8 0 6
S l i p  t r a c e  i n d i c e s a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 811 0 . 3 2 5  0 . 4 8 6
T r a c e - I l l  = - 0 . 812 - 0 . 3 3 6  - 0 . 477
T r a c e  - 1 - 1 1  = - 0 . 248 - 0 . 5 5 0  - 0 . 7 9 8
T r a c e 1 - 1 1  = - 0 . 253 0 . 5 4 6  0 . 7 9 9
A n g l e ( I l l ,  - 1 1 1 )=  71. ,4A n g l e ( - 1 1 1 , - 1 - 1 1 )=  40. ,0
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  1 5 1 . .0
A n g l e ( 1 1 1 , - 1 - 1 1 )=  1 1 1 . , 4A n g l e ( - 1 1 1 ,  1 - 1 1 )=  1 1 1 . .0
A n g l e  ( 1 1 1 ,  1 - 1 1 )=  39. , 6
A n g l e s  : ( { 1 1 1 ) ,  n a n d  t ) , (b ,  n ) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 9 8 . 3 1 3 1 . 1 [ 1 - 1 0 ] 5 3 . 9 0 . 3 5 7
[ 1 0 - 1 ] 1 1 3 . 2 0 .  476
[ 0 1 - 1 ] 1 6 9 . 5 0 . 1 1 9
( - 1 1 1 ) 9 8 . 9 1 5 5 . 3 [ 1 10 ] 1 2 5 . 2 0 . 2 1 4
[ 1 01 ] 6 6 . 0 0 . 3 7 8
[ 0 1 - 1 ] 1 6 9 . 5 0 .  164
( - 1 - 1 1 ) 3 7 . 1 1 0 5 . 8 [ 1 - 1 0 ] 5 3 . 9 0 . 1 4 8
[ 1 01 ] 6 6 . 0 0 . 1 1 3
[ O i l ] 1 0 0 . 5 0 . 2 6 1
( 1 - 1 1 ) 3 6 . 1 9 1 .  3 [ 11 0] 1 2 5 . 2 0 . 005
[ 1 0 - 1 ] 1 1 3 . 2 0 . 016
[ O i l ] 1 0 0 . 5 0 . 0 2 1
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (11 1)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
100 5 4 . 2 1 2 5 . 7 1 6 5 . 7 14 .7
010 3 5 . 1 3 6 . 4 7 6 . 4 74 . 6
001 3 6 . 1 3 5 . 3 7 5 .  3 7 5 . 7
P l a n e  : < (n) < ( t )
100 8 9 . 5 7 7 . 5
010 1 4 5 . 5 1 2 3 . 4
001 5 5 .  5 1 4 3 .  7
V e c t o r  : < (11 1)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 1 4 .  9 1 7 3 . 7 1 3 3 . 7 7 5 . 3
1 - 1 0 1 7 3 .  9 1 1 4 . 7 7 4 . 7 134 . 3
101 1 0 4 . 6 1 7 6 . 0 1 4 4 . 0 6 5 . 0
1 0 - 1 1 7 6 .  4 1 0 5 . 0 65’. 0 144 .0
O i l 5 4 . 3 1 2 5 . 8 1 6 5 . 8 1 4 . 8
0 1 - 1 1 2 8 . 4 5 7 . 0 1 7 . 0 168 .0
100 1 4 4 . 2 1 4 4 . 3 1 0 4 . 3 104 . 7
010 . 5 4 . 9 1 2 6 . 4 1 6 6 . 4 1 5 .  4
001 5 3 . 9 1 2 5 . 3 1 6 5 . 3 14 . 3
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S p e c i m e n  : G
I n d e n t a t i o n :  5
S u r f a c e n o r m a l  n = 0 . 9 8 8  - 0 . 0 2 3 0 . 1 5 0
S t r e s s a x i s :  t = 0 . 0 3 8  0 . 9 9 4 - 0 . 0 9 9
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 1 3 0 - 0 . 6 3 3  0 . 7 6 3
T r a c e - 1 1 1  = - 0 . 115 - 0 . 7 5 8  0 . 643
T r a c e  - 1 - 1 1  = 0 . 0 8 3 - 0 . 7 4 5  - 0 . 6 6 2
T r a c e 1 - 1 1  = 0 . 0 9 9 - 0 . 6 5 2  - 0 . 7 5 1
A n g l e ( 1 1 1 ,  - 1 1 1 ) =  1 0 . 0
A n g l e { - 1 1 1 , - 1 - 1 1 ) =  8 2 . 6
A n g l e ( - 1 - 1 1 ,  1 - 1 1 ) =  7 . 4
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  92 . 6
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  9 0 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 0 0 . 0
A n g l e s  : ( { 1 1 1 } ,  n a n d  t ) , (b ,  n)  , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 4 9 . 9 5 7 . 4 [ 1 - 1 0 ] 44 . 4 0 . 3 6 4
[ 1 0 - 1 ] 5 3 .  6 0 . 0 5 2
[ 0 1 - 1 ] 9 7 . 0 0 . 417
( - 1 1 1 ) 1 1 9 . 8 6 0 . 3 [ 110 ] 4 6 . 9 0 .  361
[ 101 ] 3 6 . 4 0 . 0 2 1
[ 0 1 - 1 ] 9 7 . 0 0 . 383
( - 1 - 1 1 ) 118  .1 130  .8 [ 1 - 1 0 ] 4 4 . 4 0 . 4 4 2
[ 10 1 ] 3 6 . 4 0 . 0 2 8
[ O i l ] 84 . 8 0 . 413
( 1 - 1 1 ) 4 7 . 9 1 2 7 . 6 [ 110 ] 4 6 . 9 0 . 4 4 5
[ 1 0 - 1 ] 5 3 . 6 0 . 059
[ O i l ] 8 4 . 8 0 . 3 8 6
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (111) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
100 1 2 0 . 7 1 3 0 .  7 1 4 6 . 7 1 3 9 . 3
010 3 9 . 3 4 9 . 3 1 3 1 . 8 1 3 9 . 3
001 5 0 . 5 4 0 . 5 4 2 . 0 4 9 . 5
P l a n e  : < (n) < ( t )
100 8 . 7 8 7 . 8
010 91 .  3 6 . 1
001 8 1 .  4 9 5 . 7
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 3 7 . 6 1 4 7 .  6 1 2 9 . 8 122  . 4
1 - 1 0 5 9 . 5 4 9 . 5 3 3 . 1 40 . 5
101 4 1 . 0 5 1 . 0 1 3 3 . 6 141 .0
1 0 - 1 1 4 1 . 7 1 3 1 .  7 4 9 . 1 4 1 . 7
O i l 8 4 . 7 94 . 7 1 7 7 . 2 1 7 5 .  3
0 1 - 1 1 7 4 . 0 1 7 6 .  0 9 3 . 4 8 6 . 0
100 1 4 9 . 3 1 3 9 . 3 5 6 . 7 4 9 . 3
010 1 2 9 .  3 1 3 9 . 3 1 3 8 . 2 1 3 0 . 7
001 3 9 .  5 4 9 . 5 1 3 2 .  0 1 3 9 . 5
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S p e c i m e n :  G 
I n d e n t a t i o n :  9
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 9 3 5  - 0 . 2 1 8  
= 0 . 3 1 1  0 . 8 8 4
0 . 2 7 9
- 0 . 3 4 9
S l i p  t r a c e  i n d i c e s : a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 351  - 0 . 4 6 3  0 . 814
T r a c e - I l l  = - 0 . 333  - 0 . 8 1 2  0 . 479T r a c e  - 1 - 1 1  = 0 . 036  - 0 . 7 2 4  - 0 . 688T r a c e 1 - 1 1  = 0 . 062  - 0 . 6 7 4  - 0 . 736
A n g l e ( I l l ,  - 1 1 1 ) =  2 8 . 0A n g l e ( - 1 1 1 , - 1 - 1 1 )=  7 5 . 7
A n g l e ( - 1 - 1 1 ,  1 - 1 1 ) =  4 . 3
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  1 0 3 . 7
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  8 0 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 0 8 . 0
A n g l e s  : ( { 1 1 1 } ,  n a n d  t ) , (b ,  n ) , a n d S c h m i d t f a c t o r s  ;
P l a n e : (<n) ( < t )  b (<n) m
(111) 5 4 . 9 6 0 . 8  [ 1 - 1 0 ] 3 5 . 3 0 . 1 9 8
[ 1 0 - 1 ] 62 . 4 0 . 2 2 8
[ 0 1 - 1 ] 1 1 0 . 6 0 .  426
( - 1 1 1 ) 1 2 0 . 3 8 2 . 6  [ 11 0] 5 9 . 5 0 . 1 0 9
[1 01 ] 30 . 9 0 .  004
[ 0 1 - 1 ] 1 1 0 . 6 0 . 1 1 3( - 1 - 1 1 ) 1 0 4 . 6 1 5 3 . 1  [ 1 - 1 0 ] 3 5 .  3 0 . 3 6 1
[1 01 ] 3 0 . 9 0 . 0 2 4
[ O i l ] 8 7 . 5 0 . 3 3 7
( 1 - 1 1 ) 3 4 . 2 1 2 2 . 2  [ 11 0] 5 9 . 5 0 .  450
[ 1 0 - 1 ] 6 2 . 4 0 . 2 4 9
[ O i l ] 87 . 5 0 . 2 0 1
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (11 1)  < ( - 1 1 1 )  < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 8 2 . 1 1 1 0 . 1  1 7 4 . 1 1 6 9 . 9010 2 8 . 3 5 6 . 3  1 3 2 . 1 1 3 6 . 3001 5 7 .  9 2 9 . 9  4 5 . 8 50 .1
P l a n e  : < (n) < ( t )
100 2 0 . 7 7 1 .  9
010 1 0 2 .  6 27 , 9
001 7 3 .  8 110 . 5
V e c t o r  : < (111)  < ( - 1 1 1 )  < ( - 1 - 1 1 )  < ( 1 - 1 1 ). 110 1 3 1 .  9 1 5 9 . 9  1 2 4 . 4 1 2 0 . 11 - 1 0 8 2 . 1 5 4 . 1  2 1 . 6 2 5 . 9101 5 0 . 3 7 8 . 3  1 5 4 . 1 1 5 8 . 31 0 - 1 1 5 8 .  4 1 3 0 . 4  5 4 . 7 5 0 .  4
O i l 7 5 . 6 1 0 3 . 6  1 7 9 . 4 176  . 40 1 - 1 1 6 4 .  7 1 6 7 . 3  9 1 . 6 8 7 .  3
100 1 7 2 . 1 1 5 9 . 9  8 4 . 1 7 9 . 9010 1 1 8 .  3 1 4 6 . 3  1 3 7 . 9 1 3 3 .  7001 3 2 . 1 6 0 . 1  1 3 5 . 8 1 4 0 . 1
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S p e c i m e n :  G
I n d e n t a t i o n :  25
S u r f a c e n o r m a l  n = 0 . 8 7 2  - 0 . 2 7 4  0 . 4 0 7
S t r e s s a x i s :  t = - 0 . 2 7 9  0 . 4 0 6  0 . 8 7 0
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s :
T r a c e 111  = - 0 . 4 8 2 - 0 . 3 2 9  0 . 8 1 2
T r a c e - 1 1 1  = - 0 . 4 3 4 - 0 . 8 1 6  0 . 3 8 2
T r a c e  - 1 - 1 1  = 0 . 0 7 7 - 0 . 7 4 2  - 0 . 6 6 5
T r a c e 1 - 1 1  = 0 . 1 7 3 - 0 . 6 0 5  - 0 . 7 7 7
A n g l e ( 1 1 1 ,  - 1 1 1 ) =  3 8 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  7 1 . 4
A n g l e ( - 1 - 1 1 ,  1 - 1 1 ) =  11 . 6
A n g l e ( 1 1 1 , - 1 - 1 1 ) =  1 0 9 . 4
A n g l e ( - 1 1 1 ,  1 - 1 1 )=  8 3 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 ) =  1 2 1 . 0
A n g l e s  : ( ( 1 1 1 ) , n a n d  t ) , (b ,  n ) , a n d  S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b  (<n) m
(111) 54 . 6 5 4 . 8 [ 1 - 1 0 ]  3 5 . 9 0 . 2 7 9
[ 1 0 - 1 ]  7 0 . 8 0 . 4 6 8
[ 0 1 - 1 ]  1 1 8 . 8 0 . 1 8 9
( - 1 1 1 ) 1 1 5 . 3 2 6 . 1 [ 1 1 0 ]  6 5 . 0 0 . 081
[1 01 ]  2 5 . 3 0 . 376
[ 0 1 - 1 ]  1 1 8 . 8 0 . 2 9 5
( - 1 - 1 1 ) 9 6 . 3 6 4 . 6 [ 1 - 1 0 ]  3 5 . 9 0 . 2 0 8
[1 0 1 ]  2 5 . 3 0 . 1 8 0
[ O i l ]  8 4 . 6 0 .  387
( 1 - 1 1 ) 2 6 . 3 8 3 . 8 [ 1 10 ]  6 5 . 0 0 . 0 1 0
[ 1 0 - 1 ]  7 0 . 8 0 . 0 8 7
[ O i l ]  8 4 . 6 0 . 0 9 7
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 7 9 . 6 1 1 7 .  6 1 7 1 . 0  1 5 9 . 4
010 2 0 . 0 5 8 . 0 1 2 9 . 5  1 4 1 . 0
001 6 2 . 7 2 4 . 7 4 6 . 7  5 8 . 3
P l a n e  : < (n) < ( t )
100 2 9 . 4 1 0 6 . 2
010 1 0 5 . 9 6 6 . 1
001 6 6 . 0 2 9 .  5
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )110 1 2 9 .  3 1 6 7 . 3 1 2 1 . 3  1 0 9 . 7
1 - 1 0 1 0 0 .  6 6 2 .  6 8 . 8  2 0 . 4
101 5 7 .  0 9 5 . 0 1 6 6 . 4  1 7 8 . 0
1 0 - 1 1 6 5 .  7 127 . 7 5 6 . 2  4 4 . 7
O i l 7 0 . 0 1 0 8 . 0 1 7 9 . 4  1 6 9 . 0
0 1 - 1 1 5 7 . 0 1 6 5 .  0 9 3 . 6  8 2 . 0
100 1 6 9 .  6 1 5 2 . 4 8 1 . 0  6 9 . 4
010 1 1 0 .  0 1 4 8 . 0 1 4 0 . 5  1 2 9 . 0
001 2 7 . 3 6 5 . 3 1 3 6 . 7  1 4 8 . 3
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S p e c i m e n  : G
I n d e n t a t i o n ;  31
S u r f a c e i n o r m a l  n = 0 . 9 5 1  - 0 . 1 2 9 0 . 2 8 2
S t r e s s a x i s :  t = 0 . 3 0 5  0 . 2 2 2 - 0 . 9 2 6
S l i p  t r a c e  i n d i c e s 1 a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 308 - 0 . 5 0 1  0 . 809T r a c e - I l l  = - 0 , 267 - 0 . 8 0 2  0 . 535
T r a c e  - 1 - 1 1  = 0 . 093 - 0 . 7 4 9  - 0 . 656T r a c e 1 - 1 1  = 0 . 143 - 0 . 6 2 5  - 0 . 768
A n g l e ( I l l ,  - 1 1 1 ) =  2 3 . 6
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  7 7 . 0
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  1 0 . 0
A n g l e ( 1 1 1 , - 1 - 1 1 )=  1 0 0 . 6A n g l e ( - 1 1 1 ,  1 - 1 1 )=  8 7 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 )=  1 1 0 . 6
A n g l e s  : ( { 1 1 1 } ,  n a n d  t ) , (b ,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) (< t ) b (<n) m
(111) 5 0 . 4 1 0 3 . 3 [ 1 - 1 0 ] 4 0 .  2 0 . 0 1 3
[ 1 0 - 1 ] 6 1 . 8 0 . 2 0 1
[ 0 1 - 1 ] 1 0 6 . 9 0 . 1 8 7
( - 1 1 1 ) 117 .4 1 2 5 . 6 [ 1 1 0 ] 54 . 5 0 . 2 1 7
[ 1 01 ] 2 9 . 4 0 . 2 5 6
[ 0 1 - 1 ] 1 0 6 .  9 0 . 4 7 3( - 1 - 1 1 ) 108  .2 147  .0 [ 1 - 1 0 ] 4 0 . 2 0 . 0 4 9
[ 1 01 ] 2 9 . 4 0 . 3 6 9
[ O i l ] 8 3 . 8 0 . 4 1 8
( 1 - 1 1 ) 38 .2 1 1 9 . 2 [ 1 10 ] 54 . 5 0 . 181
[ 1 0 - 1 ] 6 1 .  8 0 .  424
[ O i l ] 8 3 . 8 0 . 2 4 2
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 9 6 . 9 1 2 0 . 5 1 6 2 . 5 152  . 5010 3 0 . 4 5 3 .  9 1 3 0 .  9 1 4 0 .  9001 5 7 .  5 3 3 . 9 4 3 . 1 5 3 . 1
P l a n e : < (n) < ( t )
100 1 8 . 1 72 . 3
010 97 .  4 77 .2
001 7 3 .  6 157 . 8
V e c t o r  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
110 1 3 4 .  7 1 5 8 . 2 124  . 8 1 1 4 . 81 - 1 0 7 7 .  8 54 .2 2 2 . 8 3 2 . 8101 4 3 . 7 6 7 . 3 1 4 4 . 3 154 . 31 0 - 1 1 5 3 .  6 1 3 0 . 1 5 3 . 1 4 3 . 1O i l 7 7 .  4 1 0 1 . 0 1 7 8 .  0 1 7 2 . 0. 0 1 -1 1 6 5 . 5 1 7 0 .  9 9 3 . 9 8 3 . 9
100 1 7 3 . 1 1 4 9 .  5 7 2 . 5 62 . 5010 1 2 0 .  4 1 4 3 .  9 1 3 9 . 1 1 2 9 . 1001 3 2 . 5 56 . 1 1 3 3 . 1 1 4 3 . 1
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S p e c i m e n  ; H 
I n d e n t a t i o n :  7
S u r f a c e  n o r m a l  n  = 0 . 6 0 0  - 0 . 5 5 3  
S t r e s s  a x i s :  t  = - 0 . 8 0 0  - 0 . 4 2 8
0 . 5 7 8
0 . 4 2 0
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 7 0 0 - 0 . 0 1 4  0 . 714
T r a c e - 1 1 1  = - 0 . 6 9 2 - 0 . 7 2 1  0 . 029
T r a c e  - 1 - 1 1  = 0 . 0 1 5 - 0 . 7 1 4  - 0 . 700
T r a c e 1 - 1 1  = 0 . 4 2 9 - 0 . 3 8 8  - 0 . 816
A n g l e ( 1 1 1 ,  - 1 1 1  ) =  5 9 . 0A n g l e ( - 1 1 1 , - 1 - 1 1  ) =  61 . 0
A n g l e {- 1 - 1 1 ,  1 - 1 1  ) =  3 1 . 3
A n g l e ( 1 1 1 , - 1 - 1 1  ) =  1 2 0 . 0
A n g l e ( - I l l ,  1 - 1 1  )=  92 . 3
A n g l e ( I l l ,  1 - 1 1  ) =  1 5 1 . 3
A n g l e s  : ( { 1 1 1 } , n  a n d  t ) , (b,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 6 8 . 9  1 1 7 . 8 [ 1 - 1 0 ] 3 5 .  4 0 . 1 2 3
[ 1 0 - 1 ] 8 9 . 1 0 . 402
[ 0 1 - 1 ] 1 4 3 . 1 0 . 2 8 0( - 1 1 1 ) 1 0 9 . 4  6 2 . 8 [1 10 ] 8 8 . 1 0 . 397
[1 01 ] 3 3 .  6 0 . 1 2 3
[ 0 1 - 1 ] 1 4 3 . 1 0 . 274
( - 1 - 1 1 ) 7 2 . 1  1 7 . 9 [ 1 - 1 0 ] 3 5 .  4 0 . 2 5 0
[ 1 01 ] 3 3 .  6 0 . 2 5 5
[ O i l ] 8 9 . 0 0 . 0 0 5
( 1 - 1 1 ) 1 . 9  8 8 . 4 [ 1 1 0 ] 8 8 . 1 0 . 024
[ 1 0 - 1 ] 8 9 . 1 0 . 0 2 4
[ O i l ] 8 9 . 0 0 . 0 0 0
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t l î 111  t r a c e s  a n d  n :
T r a c e  : < ( 1 1 1 )  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 6 1 . 1  1 2 0 . 1 1 7 8 .  9 147 . 6010 0 . 9  5 9 . 9 1 2 0 . 9 1 5 2 . 3001 6 1 . 0  2 . 0 5 9 . 0  ■ 9 0 .  3
P l a n e  : < ( n )  < ( t )
100 5 3 . 1  1 4 3 . 1
010 1 2 3 . 6  1 1 5 . 4
001 5 4 . 7  6 5 . 1
V e c t o r  : < (11 1)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )110 1 2 0 . 3  1 7 9 . 3 1 1 9 . 7 8 8 . 31 - 1 0 1 4 7 . 0  8 8 . 0 2 7 . 0 4 . 3
101 8 9 . 0  1 4 8 . 0 1 5 1 . 0 1 1 9 .  71 0 - 1 1 7 9 . 7  1 2 0 . 7 5 9 . 7 2 8 .  3O i l 6 0 . 3  1 1 9 . 3 1 7 9 . 7 148 . 30 1 - 1 1 4 9 . 0  1 5 2 . 0 9 1 . 0 5 9 . 7
100 1 5 1 . 1  1 4 9 . 9 8 8 . 9 57 . 6010 9 0 . 9  1 4 9 . 9 1 4 9 . 1 117 . 7001 2 9 . 0  8 8 . 0 1 4 9 . 0 1 7 9 .  7
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S p e c i m e n  : H 
I n d e n t a t i o n :  1 1 - 1 2
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 8 4 7  - 0 . 2 9 1  
= 0 . 2 0 9  0 , 9 5 2
0 . 4 4 5
0 . 2 2 5
S l i p  t r a c e  i n d i c e s : a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111 = - 0 . 521 - 0 . 2 8 4 0 . 805T r a c e —111 = - 0  . 464 - 0 . 8 1 4 0 . 350T r a c e  - •1-11 = 0 . 089 - 0 . 7 4 7 - 0 . 658T r a c e 1 - 1 1  = 0 . 219 - 0 . 5 7 2 -0 . 791
A n g l e ( I l l ,  - 1 1 1 )=  4 1 . 0A n g l e ( - 1 1 1 , - 1 - 1 1 )=  7 0 . 3A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  1 4 . 7
A n g l e { 1 1 1 , - 1 - 1 1 )=  1 1 1 . 3
A n g l e ( - 1 1 1 ,  1 - 1 1 )= 8 5 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 )=  1 2 6 . 0
A n g l e s  : ( { 1 1 1 } ,  n a n d  t )  , (b,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t )  b (<n) m
(111) 54 .7 3 6 . 9  [ 1 - 1 0 ] 3 6 . 4 0 .  420[ 1 0 - 1 ] 7 3 . 5 0 . 009
[ 0 1 - 1 ] 1 2 1 .  4 0 . 411( - 1 1 1 ) 1 1 3 . 6 5 6 . 0  [ 1 1 0] 6 6 . 9 0 . 4 5 9
[1 01 ] 24 .0 0 .  172
[ 0 1 - 1 ] 1 2 1 .  4 0 . 2 8 7( - 1 - 1 1 ) 9 3 . 7 1 2 2 . 7  [ 1 - 1 0 ] 3 6 . 4 0 . 2 8 4
[1 01 ] 24 . 0 0 . 1 6 6[ O i l ] 8 3 . 8 0 .  449( 1 - 1 1 ) 2 3 . 9 1 0 7 . 4  [ 1 1 0 ] 6 6 .  9 0 .  245
[ 1 0 - 1 ] 7 3 .  5 0 . 0 0 3
[ O i l ] 8 3 . 8 0 . 2 4 9
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t ;
T r a c e  : < ( 1 1 1 )  < ( - 1 1 1 )  < ( - 1 - 1 1 ) < ( 1 - 1 1 )100 7 8 . 3 1 1 9 . 3  1 7 0 . 4 1 5 5 . 7010 1 7 . 3 5 8 . 3  1 2 8 . 6 1 4 3 . 3001 6 4 . 0 2 3 . 0  4 7 . 3 6 2 . 0
P l a n e  : < (n) < ( t )100 3 2 . 1 77 . 9
010 1 0 6 . 9 17 . 9
001 6 3 . 6 7 7 . 0
V e c t o r  : < (111)  < ( - 1 1 1 )  < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 2 8 . 2 1 6 9 . 2  1 2 0 . 4 1 0 5 . 81 - 1 0 1 0 6 .  4 6 5 . 4  5 . 0 1 9 . 6101 60 .  4 1 0 1 . 4  1 7 1 . 7 1 7 3 .  61 0 - 1 1 6 7 .  9 1 2 6 . 9  5 6 . 5 4 1 .  9O i l 6 8 . 3 1 0 9 . 3  1 7 9 . 6 1 6 5 . 70 1 - 1 1 5 4 .  4 1 6 4 . 6  9 4 . 2 7 9 . 6
100 1 6 8 . 3 1 5 0 . 7  8 0 . 4 6 5 . 7010 1 0 7 .  3 1 4 8 . 3  1 4 1 . 4 1 2 6 . 7001 2 6 . 0 6 7 . 0  1 3 7 . 3 152 . 0
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S p e c i m e n :  H 
I n d e n t a t i o n :  13
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 8 4 9  - 0 . 3 6 2  
= - 0 . 0 2 6  0 . 6 9 9
0 . 3 8 6
0 . 7 1 4
S l i p  t r a c e  i n d i c e s 1 a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 500 - 0 . 3 0 9 0 . 809T r a c e - I l l  = - 0 . 491 - 0 . 8 1 1 0 . 320T r a c e  - 1 - 1 1  = 0 . 014 - 0 . 7 1 4 - 0 . 700
T r a c e 1 - 1 1  = 0 . 036 - 0 . 6 8 9 - 0 . 724
A n g l e ( I l l ,  - 1 1 1 ) =  4 1 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  6 9 . 6
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  2 . 4
A n g l e ( 1 1 1 , - 1 - 1 1 )=  1 1 0 . 6
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  7 2 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 )=  1 1 3 . 0
A n g l e s  : ( { 1 1 1 } ,  n a n d  t ) , (b,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 5 9 . 7 3 6 . 8 [ 1 - 1 0 ] 3 1 . 1 0 . 4 1 1
[ 1 0 - 1 ] 7 0 .  9 0 . 419
[ 0 1 - 1 ] 1 2 1 .  9 0 . 008
( - 1 1 1 ) 1 1 8 . 4 3 3 . 8 [ 1 1 0 ] 6 9 . 9 0 . 396
[ 1 0 1 ] 2 9 . 2 0 . 404
[ 0 1 - 1 ] 1 2 1 .  9 0 . 009
( - 1 - 1 1 ) 9 3 . 4 88 . 6 [ 1 - 1 0 ] 3 1 . 1 0 . 012
[ 1 0 1 ] 2 9 . 2 0 .  012
[ O i l ] 8 9 . 0 0 . 0 2 4
( 1 - 1 1 ) 2 2 . 8 9 0 . 4 [ 1 1 0 ] 6 9 . 9 0 . 003
[ 1 0 - 1 ] 7 0 . 9 0 . 0 0 4
[ O i l ] 8 9 . 0 0 . 007
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  ; < (1 11)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )100 7 0 . 9 1 1 1 .  9 1 7 8 . 5 1 7 6 . 1010 1 9 . 4 6 0 . 4 1 3 0 .  0 1 3 2 . 4
001 6 1 .  3 2 0 . 3 4 9 . 4 5 1 . 7
P l a n e : < (n) < ( t )
100 3 1 . 9 9 1 .  5
010 1 1 1 . 2 4 5 . 6
001 6 7 . 3 44 . 4
V e c t o r  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
110 1 2 7 . 5 1 6 8 .  5 1 2 1 .  8 1 1 9 .  51 - 1 0 1 0 5 . 1 64 .1 5 . 6 7 . 9
101 6 3 .  4 104 . 4 1 7 4 .  0 1 7 6 . 4
1 0 - 1 1 6 8 . 3 1 2 7 . 3 5 7 .  7 5 5 . 3O i l 6 9 . 3 1 1 0 .  3 1 7 9 .  9 1 7 7 . 7
0 1 - 1 1 5 8 . 7 1 6 0 .  3 9 0 .  7 8 8 . 3
100 1 6 0 .  9 1 5 8 . 1 8 8 .  5 8 6 . 1
010 1 0 9 . 4 1 5 0 .  4 1 4 0 .  0 137 . 6
001 2 8 . 7 6 9 . 7 1 3 9 .  4 141 .7
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S p e c i m e n ;  H 
I d e n t a t i o n :  19
S u r f a c e  n o r m a l  
S t r e s s  a x i s :
n = 0 . 9 9 0
t  = 0 . 0 2 2
- 0 . 0 6 5
- 0 . 8 0 9
0 . 127 
- 0 . 5 8 7
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n  t r a c e s
T r a c e 111  = - 0 . ,140 - 0 . 6 2 7 0 . 766T r a c e - I l l  = - 0 . 131 - 0 . 7 6 4 0 . 632T r a c e  -•1 -1 1  = 0. ,040 - 0 . 7 2 6 - 0 . 686T r a c e 1 - 1 1  = 0 . 049 - 0 . 6 8 2 - 0 . 730
A n g l e ( I l l ,  - 1 1 1 )= 1 1 . 0A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  8 3 . 4A n g l e {- 1 - 1 1 ,  1 - 1 1 ) =  3 . 6A n g l e ( 1 1 1 , - 1 - 1 1 ) = 94 . 4A n g l e ( - 1 1 1 ,  1 - 1 1 )=  8 7 . 0A n g l e ( 1 11 ,  1 - 1 1 )=  9 8 . 0
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  t ) , (b ,  n) , a n d S c h m i d t f a c t o r ' s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 5 2 . 6 1 4 2 . 5 [ 1 - 1 0 ] 4 1 . 8 0 . 4 6 6
[ 1 0 - 1 ] 5 2 . 4 0 . 342
[ 0 1 - 1 ] 9 7 . 8 0 .  124( - 1 1 1 ) 1 2 2 . 4 1 4 5 - 0 [ 11 0] 4 9 . 2 0 .  456[ 10 1] 3 7 . 9 0 . 3 2 7
[ 0 1 - 1 ] 9 7 . 8 0 .  128( - 1 - 1 1 ) 1 1 7 . 4 8 3 . 4 [ 1 - 1 0 ] 4 1 . 8 0 . 0 6 8
[1 0 1] 3 7 . 9 0 . 046[ O i l ] 8 7 . 5 0 . 114( 1 - 1 1 ) 4 7 . 0 8 1 . 9 [1 10 ] 4 9 . 2 0 . 078
[ 1 0 - 1 ] 52 . 4 0 . 061
[ O i l ] 8 7 .  5 0 .  139
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )100 1 0 2 . 0 1 1 3 . 0 1 6 3 . 7 1 6 0 . 0010 3 8 . 9 4 9 . 9 1 3 3 . 3 1 3 6 .  9001 5 0 . 6 3 9 .  6 4 3 . 8 47 . 4
P l a n e  : < (n) < ( t )
100 8 . 2 8 8 . 7
010 93 .  7 1 4 4 . 0001 8 2 . 7 1 2 6 . 0
V e c t o r  : < (1 1 1 )  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 3 5 .  7 1 4 6 .  7 1 2 9 . 9 1 2 6 . 31 - 1 0 5 8 .  8 4 7 . 8 3 5 .  5 3 9 . 2101 4 3 . 7 5 4 . 7 1 3 8 . 1 1 4 1 . 71 0 - 1 1 4 4 ,  0 1 3 3 , 0 4 9 .  6 4 6 . 0O i l 8 4 .  3 9 5 . 3 1 7 8 . 7 1 7 7 . 70 1 - 1 1 7 4 .  0 1 7 5 , 0 9 1 .  6 8 8 . 0
100 1 6 8 . 0 1 5 7 . 0 7 3 .  7 7 0 . 0010 1 2 8 .  9 1 3 9 . 9 1 3 6 . 7 1 3 3 , 1001 3 9 . 4 5 0 . 4 1 3 3 . 8 1 3 7 . 4
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S p e c i m e n  ; H
I n d e n t a t i o n :  3 2 - 3 4
S u r f a c e : n o r m a l  n = 0 . 9 6 9  - 0 . 0 2 7 0 .2 4 4
S t r e s s a x i s :  t = 0 . 1 2 2  - 0 . 8 0 8 - 0 . 5 7 7
S l i p  t r a c e  i n d i c e s a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 11 1  = - 0 . 21 5 - 0 . 5 7 5  0 . 790
T r a c e - I l l  = - 0 . 174 - 0 . 7 7 8  0 . 604
T r a c e  - 1 - 1 1  = 0 . 137 - 0 . 7 6 5  - 0 . 629
T r a c e 1 - 1 1  = 0 . 179 - 0 . 6 0 0  - 0 . 779
A n g l e ( I l l ,  - 1 1 1 ) = 1 6 . 0
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  7 8 . 9
A n g l e  {- 1 - 1 1 ,  1 - 1 1 ) =  1 3 . 1
A n g l e { 1 1 1 , - 1 - 1 1 ) =  94 . 9
A n g l e { - 1 1 1 ,  1 - 1 1 ) =  92 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 )=  1 0 8 . 0
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  t ) , (b,  n)  , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111 ) 4 6 . 8 1 3 6 . 8 [ 1 - 1 0 ] 4 5 . 2 0 . 4 7 9
[ 1 0 - 1 ] 5 9 . 1 0 . 360
[ 0 1 - 1 ] 1 0 1 . 1 0 . 1 1 9( - 1 1 1 ) 1 1 5 . 8 1 5 0 . 4 [11 0] 4 8 . 2 0 . 4 2 2
[10 1] 3 0 .  9 0 . 2 8 0
[ 0 1 - 1 ] 1 0 1 . 1 0 . 1 4 2
( - 1 - 1 1 ) 1 1 3 . 8 8 6 . 4 [ 1 - 1 0 ] 4 5 . 2 0 . 0 4 1
[1 01 ] 3 0 .  9 0 .  020
[ O i l ] 8 1 . 2 0 . 062
( 1 - 1 1 ) 4 4 . 2 7 8 , 2 [1 10 ] 4 8 . 2 0 . 0 9 9
[ 1 0 - 1 ] 5 9 . 1 0 . 1 0 1
[ O i l ] 8 1 . 2 0 . 2 0 0
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 11 1 )  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
100 1 1 8 .  9 1 3 4 . 9 1 4 6 . 2 1 3 3 . 1
010 3 5 . 1 5 1 . 1 1 3 0 .  0 1 4 3 . 1
001 5 4 . 5 3 8 . 5 4 0 . 4 5 3 . 5
P l a n e  : < (n) < ( t )
100 1 4 . 2 8 3 . 0
010 9 1 .  6 1 4 3 .  9
001 7 5 .  9 1 2 5 . 2
V e c t o r  : < (11 1)  < ( - 1 1 1 ) < ( - 1 - 1 1 )  < ( 1 - 1 1 )
110 1 3 8 . 5 1 5 4 . 5 1 2 6 .  6 1 1 3 .  51 - 1 0 6 9 . 0 5 3 . 0 2 5 . 9 3 9 . 0
101 3 7 .  7 5 3 .  7 1 3 2 . 7 1 4 5 . 7
1 0 - 1 1 4 5 . 8 1 2 9 . 8 5 0 . 9 37 . 8
O i l 8 1 . 2 97 .2 1 7 6 . 1 1 7 0 . 80 1 - 1 1 6 9 .  4 174 . 6 9 5 . 6 82 . 6
100 1 5 1 . 1 1 3 5 . 1 5 6 . 2 4 3 . 1
010 1 2 5 . 1 1 4 1 . 1 1 4 0 . 0 1 2 6 .  9001 3 5 . 5 5 1 . 5 1 3 0 . 4 1 4 3 . 5
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s p e c i m e n :  F 
I d e n t a t i o n :  1
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 0 3 5  - 0 . 8 1 6  
= 0 . 9 9 7  0 . 0 7 0
0 . 5 7 7
0 . 0 3 9
S l i p  t r a c e  i n d i c e s  a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111 = - 0 . 8 1 0 0 .  315 0 . 495T r a c e - 1 1 1  = - 0 . 8 1 4 - 0 . 3 5 8 - 0 . 457T r a c e  - 1 - 1 1  = - 0 . 2 2 3 - 0 . 5 6 9 - 0 . 792T r a c e 1 - 1 1  -  - 0 . 2 4 4 0 . 5 5 3 0 . 797
A n g l e ( 1 1 1 ,  - 1 1 1 )=  71, .3
A n g l e ( - 1 1 1 , - 1 - 1 1 )=  41, .7
A n g l e ( - 1 - 1 1 ,  1 - 1 1 )=  153 , .0A n g l e ( 1 1 1 , - 1 - 1 1 )=  113 , ,0
A n g l e ( - 1 1 1 ,  1 - 1 1 ) =  111 , .3
A n g l e ( 1 1 1 ,  1 - 1 1 )=  40. .0
A n g l e s  : ( { 1 1 1 ) ,  n a n d  t ) , (b,  n)  , a n d S c h m i d t f a c t o r ' s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 9 6 . 8 5 0 . 3 [ 1 - 1 0 ] 5 3 .  0 0 .  418
[ 1 0 - 1 ] 112 . 5 0 . 4 3 2
[ 0 1 - 1 ] 1 7 0 . 1 0 . 0 1 4( - 1 1 1 ) 9 9 . 1 1 2 0 . 8 [ 1 1 0 ] 1 2 3 .  5 0 . 3 8 7
[1 01 ] 6 4 . 4 0 . 3 7 5
[ 0 1 - 1 ] 1 7 0 . 1 0 . 0 1 1( - 1 - 1 1 ) 3 8 . 4 1 2 6 .  4 [ 1 - 1 0 ] 5 3 . 0 0 . 3 8 9
[ 1 0 1 ] 64 . 4 0 . 4 3 5
[ O i l ] 9 9 . 7 0 . 046( 1 - 1 1 ) 3 4 . 5 5 6 . 1 [ 11 0] 1 2 3 .  5 0 . 4 2 1
[ 1 0 - 1 ] 1 1 2 .  5 0 . 3 7 8
[ O i l ] 9 9 . 7 0 . 0 4 3
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )100 5 4 . 1 1 2 5 .  4 1 6 7 . 1 14 . 1010 3 3 . 0 3 8 . 2 8 0 .  0 7 3 . 0001 3 7 . 3 3 4 . 0 7 5 .  7 7 7 . 3
P l a n e  : < (n) < ( t )100 88 .  0 4 . 6
010 1 4 4 .  7 8 6 . 0
001 5 4 . 8 8 7 . 8
V e c t o r  : < ( 1 1 1 ) < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 1 4 .  8 1 7 3 .  9 1 3 2 . 2 74 . 81 - 1 0 1 7 4 .  9 1 1 3 .  9 7 2 .  1 134 . 9
101 1 0 4 .  3 1 7 5 .  6 1 4 2 .  7 64 . 31 0 - 1 1 7 7 . 2 1 0 5 .  9 6 4 . 2 1 4 2 . 8O i l 5 4 , 5 1 2 5 .  8 1 6 7 . 5 14 . 50 1 - 1 1 3 7 .  3 6 6 . 1 2 4 . 3 177 . 3
100 1 4 4 .  1 144 . 6 1 0 2 .  9 104 .1010 5 7 . 0 1 2 8 . 2 1 7 0 . 0 17 . 0001 52 .  7 1 2 4 . 0 1 6 5 . 7 1 2 . 7
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s p e c i m e n  : F 
I n d e n t a t i o n :  2
S u r f a c e  n o r m a l  n  
S t r e s s  a x i s ;  t
= 1 . 0 0 0  5 . 0 0 0  
= - 0 . 8 2 8  0 . 5 1 6
8 . 0 0 0
- 0 . 2 1 9
S l i p  t r a c e  i n d i c e s : a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111 = - 0 . 349 0 . 8 1 4 ■0. 465T r a c e - I l l  = - 0 . 267 - 0 . 8 0 2 0 . 535T r a c e  - 1 - 1 1  = 0 . 797 - 0 . 5 5 2 0 . 245T r a c e 1 - 1 1  = 0 . 816 0 . 4 3 9 0 . 376
A n g l e ( I l l ,  - 1 1 1 ) =  1 4 3 , 9
A n g l e ( - 1 1 1 , - 1 - 1 1 ) =  68 . 9A n g l e ( - 1 - 1 1 ,  1 - 1 1 ) =  7 1 . 6
A n g l e ( 1 1 1 , - 1 - 1 1 )=  1 4 7 . 3
A n g l e ( - 1 1 1 ,  1 - 1 1 )=  1 4 0 . 5
A n g l e ( 11 1 ,  1 - 1 1 ) =  7 5 . 6
A n g l e s  : ( ( 1 1 1 ) ,  n a n d  t ) , (b ,  n) , a n d S c h m i d t f a c t o r ' s :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 3 1 . 6 1 0 7 . 9 [ 1 - 1 0 ] 1 0 7 .  3 0 . 2 9 1
[ 1 0 - 1 ] 1 2 1 .  4 0 . 1 3 2
[ 0 1 - 1 ] 1 0 2 .  9 0 . 1 5 9( - 1 1 1 ) 4 3 . 1 4 9 . 5 [ 110 ] 6 3 .  4 0 . 1 4 3
[ 1 01 ] 47 . 9 0 . 481
[ 0 1 - 1 ] 1 0 2 .  9 0 . 338( - 1 - 1 1 ) 8 3 . 0 8 6 . 9 [ 1 - 1 0 ] 1 0 7 . 3 0 . 0 5 1
[1 01 ] 4 7 .  9 0 . 0 4 0
[ O i l ] 14 . 3 0 . 0 1 1
( 1 - 1 1 ) 7 5 . 9 1 5 4 . 5 [ 1 10 ] 6 3 . 4 0 . 1 9 9
[ 1 0 - 1 ] 1 2 1 .  4 0 . 3 8 9[ O i l ] 14 . 3 0 . 1 9 0
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111 t r a c e s  a n d  n a n d  t :
T r a c e  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )100 2 0 .  5 164 . 4 1 2 6 .  7 5 5 . 1010 7 3 . 2 7 0 . 6 1 3 9 . 5 148 . 9001 1 2 0 . 1 9 6 . 0 2 7 . 1 44 . 5
P l a n e  : < (n) < ( t )
100 8 3 . 9 1 4 5 .  9
010 5 8 . 2 5 8 .  9
001 3 2 . 5 102  . 7
V e c t o r  : < (111)  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 6 8 .  4 147 . 7 7 8 . 8 7 . 21 - 1 0 1 4 9 .  4 6 6 . 7 2 . 2 7 3 . 8101 1 4 0 .  9 7 5 . 2 6 . 4 6 5 . 21 0 - 1 8 4 . 5 1 3 1 .  6 6 2 . 8 8 . 8O i l 4 . 0 1 3 9 .  9 1 5 1 . 3 7 9 . 70 1 - 1 2 1 .  9 1 6 5 .  8 1 2 5 . 3 5 3 .  7
100 1 1 0 . 5 1 0 5 .  6 3 6 . 7 3 4 ,  9010 1 6 . 8 1 6 0 .  6 1 3 0 .  5 5 8 .  9001 1 4 9 . 9 6 . 0 6 2 . 9 134 . 5
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s p e c i m e n :  F 
I n d e n t a t i o n :  7
S u r f a c e  n o r m a l  n 
S t r e s s  a x i s :  t
= 0 . 0 2 6  - 0 . 8 1 3  
= - 0 . 9 9 5  0 . 0 3 5
0 . 5 8 2  
0 .  094
S l i p  t r a c e  i n d i c e s a n d  a n g l e s  b e t w e e n t r a c e s  :
T r a c e 111  = - 0 . 811 0 . 3 2 3 0 . 488T r a c e - I l l  = - 0 . 814 - 0 . 3 5 5 - 0 . 459
T r a c e  - 1 - 1 1  = - 0 . 217 - 0 . 5 7 3 - 0 . 790
T r a c e 1 - 1 1  = - 0 . 233 0 .  561 0 . 794
A n g l e ( I l l ,  - 1 1 1 )=  7 1 . 2
A n g l e ( - 1 1 1 , - 1 - 1 1 )=  4 2 . 0
A n g l e {- 1 - 1 1 ,  1 - 1 1 )=  1 5 4 . 0
A n g l e ( 1 1 1 , - 1 - 1 1 )=  1 1 3 . 2
A n g l e ( - 1 1 1 ,  1 - 1 1 )=  1 1 2 . 0
A n g l e ( 1 1 1 ,  1 - 1 1 )=  40 . 8
A n g l e s  : ( { 1 1 1 } ,  n a n d  t ) , (b ,  n) , a n d S c h m i d t f a c t o r s  :
P l a n e  : (<n) ( < t ) b (<n) m
(111) 9 6 . 8 1 2 0 . 0 [ 1 - 1 0 ] 5 3 .  6 0 . 364
[ 1 0 - 1 ] 1 1 3 . 2 0 . 385
[ 0 1 - 1 ] 1 7 0 . 5 0 . 0 2 1
( - 1 1 1 ) 98 .5 4 9 . 5 [ 1 10 ] 1 2 3 . 8 0 . 440
[ 1 01 ] 64 . 5 0 . 414
[ 0 1 - 1 ] 1 7 0 . 5 0 . 0 2 7
( - 1 - 1 1 ) 37 .8 5 2 . 5 [ 1 - 1 0 ] 5 3 .  6 0 .  443
[ 1 01 ] 64 . 5 0 . 3 8 8
[ O i l ] 9 9 . 4 0 . 0 5 5
( 1 - 1 1 ) 34 . 9 122  . 7 [ 1 10 ] 1 2 3 . 8 0 . 367
[ 1 0 - 1 ] 1 1 3 . 2 0 . 416
[ O i l ] 9 9 . 4 0 . 0 4 9
A n g l e s b e t w e e n  t r a c e s ,  p l a n e s  a n d  v e c t o r s  w i t h 111  t r a c e s  a n d  n :
T r a c e  : < ( 1 1 1 )  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )
100 5 4 . 2 1 2 5 . 5 1 6 7 . 5 1 3 . 5010 3 3 . 7 3 7 . 5 7 9 . 5 74 . 5
001 3 6 .  9 34 . 4 7 6 . 4 7 7 . 6
P l a n e  : < (n) < ( t )
100 8 8 .  5 174 . 3
010 1 4 4 . 4 8 8 . 0
001 5 4 .  4 84 . 6
V e c t o r  : < ( 1 1 1 )  < ( - 1 1 1 ) < ( - 1 - 1 1 ) < ( 1 - 1 1 )110 1 1 4 . 5 174 .2 1 3 2 . 2 7 3 . 81 - 1 0 1 7 5 .  0 1 1 3 . 8 7 1 . 8 134 . 2
101 1 0 4 . 7 1 7 5 .  9 1 4 2 . 1 63 .  91 0 - 1 1 7 7 .  1 1 0 5 .  8 6 3 . 8 1 4 2 . 2
O i l 5 4 . 5 1 2 5 .  7 1 6 7 . 7 1 3 . 7
0 1 - 1 134  . 7 6 3 . 5 2 1 . 5 1 7 5 . 5
100 1 4 4 . 2 144 . 5 1 0 2 . 5 1 0 3 .  5010 5 6 . 3 1 2 7 .  5 1 6 9 .  5 1 5 . 5001 5 3 . 1 1 2 4 .  4 1 6 6 .  4 12 . 4
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s p e c i m e n / I n d e n t  N o . :  E13 , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : - 2 0
p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 101 O i l .1 1 0 1 0 - 1 O i l
0 : 0, .03 0 . 0 8 0. 05 - 0 . 05 - 0 . 0 4 - 0 . 01 0 . 0 5 0 . 0 1 - 0 . 0 3 - 0 . 0 7 - 0  ., 05 - 0 . 0 15 : - 0 , .0 0 0 . 11 0. 11 0 . 0 1 - 0 . 0 5 0 . 06 0 . 0 9 - 0 . 0 2 - 0 . 1 1 - 0 . 0 9 - 0 . ,03 - 0 . 0 610 : - 0 , .04 0 . 1 5 0 . 18 0 . 0 5 - 0 . 0 7 0 . 12 0 .14 - 0 . 0 6 - 0 . 2 0 - 0 ..13 - 0 . ,02 - 0 . 111 5 : - 0 , .0 7 0 . 1 9 0 . 26 0 . 0 8 - 0 . 0 8 0 . 17 0 .2 0 - 0 . 0 8 - 0 . 2 8 - 0 . 18 - 0 . ,03 - 0 . 1 52 0 : - 0 , .0 9 0 . 2 4 0 . 33 0 . 1 0 - 0 . 1 0 0 . 20 0 . 2 6 - 0 . 0 9 - 0 . 3 4 - 0 . 2 4 - 0 . .06 - 0 . 1 92 5 : - 0 , .11 0 . 2 9 0 . 40 0 . 11 - 0 . 1 0 0 . 21 0 .3 1 - 0 . 0 9 - 0 . 4 0 - 0 . 32 - 0 . , 10 - 0 . 2230 : - 0 .1 3 0 . 3 3 0 . 46 0 . 1 1 - 0 . 1 0 0 . 21 0 . 3 6 - 0 . 0 7 - 0 . 4 4 - 0 . 3 9 - 0 . ,15 - 0 . 2 435 : - 0 , . 1 5 0 . 3 6 0 . 52 0 . 0 9 - 0 .1 0 0 . 19 0 .4 1 - 0 . 0 5 - 0 . 4 6 - 0 . 4 7 - 0 . ,22 - 0 . 2 54 0 : - 0 , .18 0 . 3 9 0 . 56 0 . 0 7 - 0 . 0 8 0 . 15 0 .4 5 - 0 . 0 1 - 0 . 4 6 - 0 . 56 - 0 . ,30 - 0 . 2 645 : - 0 , .21 0 . 4 1 0 . 61 0 . 0 6 - 0 . 0 5 0 . 11 0 . 50 0 . 04 - 0 . 4 6 - 0 . 65 - 0 . 39 - 0 . 265 0 : - 0 , .26 0 . 4 2 0 . 68 0 . 0 6 - 0 . 0 1 0 . 06 0 .5 6 0 . 08 - 0 .4 7 - 0 . 7 6 - 0 . 50 - 0 .2 75 5 : - 0 . .38 0 . 4 3 0 . 80 0 . 1 0 0 . 0 7 0 . 03 0 .6 6 0 . 1 3 - 0 . 5 3 - 0 . 94 - 0 . 63 - 0 . 3160: - 0 , .67 0 . 4 1 1 . 07 0 . 3 0 0 . 2 3 0 . 06 0 .87 0 . 1 7 - 0 .71 - 1 . 2 4 - 0  . 81 - 0 . 4 365 : - 1 . .4 3 0 . 0 7 1 . 50 0 . 89 0 .7 9 0 . 09 1 . 2 0 0 . 2 5 - 0 . 95 - 1 . 7 5 - 1 . 10 - 0 . 6470 : - 1 . 91 - 0 . 64 1 . 26 0 . 85 1 . 61 - 0 . 76 1 .07 0 . 8 7  ■- 0 . 2 0 - 2 . 1 3 - 1 . 83 - 0 . 3075 : - 1 . 12 0 . 19 1 . 32 0 . 33 0 . 7 4 - 0 . 41 1 .11 0 . 58 - 0 .5 3 - 1 . 90 - 1 . 52 - 0 . 3 880 : - 0 . .7 6 0 . 2 9 1 . 04 0 . 3 2 0 .3 7 —0 . 05 0 .8 5 0 . 2 5 - 0 . 6 1 - 1 . 2 9 - 0  . 90 - 0 . 398 5 : - 0 , .58 0 . 2 2 0 . 80 0 . 2 4 0 .2 8 - 0  . 04 0 . 65 0 . 1 9 - 0 . 4 6 - 0 . 9 9 - 0 . 69 - 0 . 3 090 : - 0 , .48 0 . 1 9 0 . 67 0 . 1 8 0 . 2 4 - 0  . 07 0,. 55 0 . 1 9 - 0 .3 7 - 0 . 8 6 - 0  . 62 - 0 .2495 : - 0 . .42 0 . 18 0 . 60 0 , 13 0 . 2 2 - 0 . 09 0 . 50 0 . 1 9 - 0 .31 - 0 . 7 9 - 0  . 59 - 0 . 2 01 0 0 : - 0 . .37 0 . 19 0 . 55 0 . 0 9 0 . 1 9 - 0 . 11 0 ,. 47 0 . 1 9 - 0 . 2 7 - 0 . 7 5 - 0  . 57 -0 . 171 0 5 : - 0 , .32 0 . 2 0 0 . 52 0 . 0 4 0 .1 7 - 0 . 12 0 ,. 44 0 . 2 0 - 0 .2 4 - 0 . 72 - 0  . 56 - 0 . 1 61 1 0 : - 0 , .27 0 . 2 2 0 . 49 - 0 . 0 0 0 . 1 3 - 0 . 14 0 ,. 4 2 0 . 2 0 - 0 .21 - 0 . 69 - 0 . 55 - 0 . 131 1 5 : - 0 , .21 0 . 2 3 0 . 45 - 0 . 0 5 0 .1 0 - 0 . 16 0 ,. 3 9 0 . 2 1 - 0 . 1 8 - 0 . 65 - 0  . 54 - 0 . 111 2 0 : - 0 , .16 0 . 2 5 0 . 40 - 0 . 11 0 .0 7 —0 . 18 0 . 3 5 0 . 2 1 - 0 .1 4 - 0 . 52 - 0  . 53 - 0 .0 81 2 5 : - 0 , .10 0 . 2 5 0 . 35 - 0 . 1 6 0 .0 5 - 0 . 21 0 .31 0 . 22 - 0 . 0 9 - 0 . 57 - 0 . 52 - 0 . 0 51 3 0 : - 0 , .04 0 . 2 5 0 . 28 - 0 . 2 1 0 . 0 2 - 0 . 24 0..2 6 0 . 2 3 - 0 . 0 3 - 0 . 52 - 0 . 50 - 0 .0 21 3 5 : 0 ,. 01 0 . 2 3 0 . 22 - 0 . 2 6 0 . 0 1 —0 . 26 0,.21 0 . 2 4 0 .0 2 - 0 . 4 6 - 0  . 48 0 . 0 21 4 0 : 0, .06 0 . 2 1 0 . 15 - 0 . 2 9 - 0 . 0 1 - 0 . 28 0..1 6 0 . 2 4 0 .08 - 0 . 39 - 0 . 44 0 .0 51 4 5 : 0. .09 0 . 1 8 0 . 09 - 0 . 3 0 - 0 . 0 1 - 0 . 29 0 ,. 11 0 . 2 3 0 . 1 2 - 0 . 32 - 0  . 40 0 . 0 81 5 0 : 0, .11 0 . 15 0 . 03 - 0 . 3 1 - 0 . 0 2 - 0 . 29 0,.0 6 0 . 2 2 0 . 1 6 - 0 . 2 6 - 0 . 35 0 . 1 01 5 5 ; 0. .13 0 . 12 - 0 . 01 - 0 . 2 9 - 0 . 0 2 - 0 . 27 0 ,. 03 0 . 2 0 0 . 1 7 - 0 . 1 9 - 0 . 30 0 .1 11 6 0 : 0, .12 0 . 0 9 - 0 . 03 - 0 . 2 6 - 0 . 0 2 - 0 . 24 0 . 00 0 . 1 7 0 .1 7 - 0 . 14 - 0 . 25 0 . 111 6 5 : 0 . 11 0 . 0 7 - 0 . 04 - 0 . 2 2 - 0 . 0 2 - 0 . 20 - 0 , .01 0 . 1 4 0 . 1 5 - 0 . 10 - 0 . 19 0 . 091 7 0 : 0. .09 0 . 0 6 - 0 . 03 - 0 . 1 6 - 0 . 0 2 - 0 . 14 - 0 , .01 0 . 10 0 . 1 0 - 0 . 0 7 - 0 . 14 0 .0 71 7 5 : O'.. 06 0 . 0 6 0 . 00 - 0 . 11 - 0 . 0 3 - 0 . 08 0,.01 0 . 0 6 0 . 0 4 - 0 . 06 - 0 . 09 0 . 0 31 8 0 : 0. .03 0 . 0 8 0 . 05 - 0 . 05 - 0 . 0 4 - 0 . 01 0..0 5 0 . 0 1 - 0 . 0 3 - 0 . 0 7 - 0 . 05 - 0 .0 1
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Appendix E Indentation stress fields
S p e c i m e n / I n d e n t  N o . : J 1  , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : - 2 0
p h i 111 111 - 1 - 1 1 1-■11
1--10 1 0 - 1 0 1 - 1 110 101 01. — 1 1--10 101 O i l -1 1 0 1 0 - 1 O i l
0 : 0 . 0 3 - 0 . 05 - 0  . 09 - 0 . 0 6 0 . 0 6 - 0 . 12 - 0 . . 06 0 . 05 0 . 12 0 . 03 - 0 , 06 0 . 0 95 : 0 . 0 6 - 0 , 0 2 - 0 . 08 - 0 . 0 9 0 . 0 4 —0 . 13 - 0 , . 03 0 . 09 0 . 1 1 - 0 .. 00 - 0 . 11 0 . 1010 : 0 . 0 9 - 0 . 00 - 0 . 10 - 0 . 13 0 . 0 4 - 0 . 17 0,.00 0 . 1 3 0 . 1 3 - 0 . 0 4 - 0 . 17 0 . 1315 : 0 .1 2 - 0 . 0 0 - 0 . 12 - 0 . 17 0 . 0 5 - 0 . 22 0..02 0 . 1 9 0 .17 - 0 . 07 - 0  . 24 0 . 1 72 0 : 0 .1 4 - 0 . 02 - 0 . 16 - 0 . 2 1 0 . 0 8 - 0 . 29 0..02 0 . 2 5 0 . 2 3 - 0 . 10 - 0 . 31 0 . 2 22 5 : 0 . 1 5 - 0 . 0 6 - 0 . 20 - 0 . 2 5 0 . 12 - 0 . 37 0,.01 0 . 3 2 0 . 3 0 - 0 . 1 2 - 0 . 39 0 . 2 73 0 : 0 .1 4 - 0 . 1 1 - 0 . 25 - 0 . 2 7 0 . 1 8 - 0 . 46 0 ,. 00 0 . 3 9 0 . 3 9 - 0 .1 4 - 0 . 46 0 . 3235 : 0 . 1 2 - 0 . 1 8 - 0 . 30 - 0 . 2 9 0 . 2 5 - 0 . 54 - 0 , .0 2 0 . 4 6 0 . 4 7 - 0 . 15 - 0 . 53 0 . 3740 : 0 . 0 9 - 0 . 2 6 - 0 . 35 - 0 . 3 0 0 . 3 3 - 0 . 63 - 0 , . 0 3 0 . 53 0 . 5 6 - 0 . 1 7 - 0 . 59 0 .. 4245 : 0 . 0 5 - 0 . 3 6 - 0 . 40 - 0 . 3 0 0 .4 2 —0 . 71 - 0 .0 5 0 . 61 0 . 65 - 0 . 2 0 - 0 . 67 0 . 4 65 0 : - 0 .0 2 - 0 . 4 7 - 0 . 45 - 0 . 2 9 0 . 5 2 - 0 . 81 - 0 , .0 5 0 . 71 0 . 7 5 - 0 . 2 6 - 0  . 76 0 . 515 5 : - 0 .1 0 - 0 . 5 9 - 0 . 49 - 0 .2 7 0 . 65 - 0  . 93 - 0 , .00 0 . 8 6 0 .8 7 - 0 . 37 — 0 . 92 0 . 5560 : - 0 . 2 6 - 0 . 7 6 - 0 . 49 - 0 . 2 3 0 ,8 4 - 1 . 07 0,.17 1 . 1 6 0 , 9 9 - 0 . 67 — 1 . 24 0 . 5765 : - 0 .8 0 - 1 . 0 1 - 0 . 21 0 . 1 1 1 . 11 —1 . 00 0,.78 1 . 68 0 . 9 0 - 1 . 4 7 - 1 . 78 0 .3 170 : - 1 . 8 3 - 1 . 8 4 - 0 . 00 0 . 8 9 1 . 7 5 - 0  . 86 1 ,. 00 1 . 94 ' 0 .9 4 - 1 . 94 - 1 . 86 - 0 . 087 5 : - 0 .9 1 - 1 . 5 1 - 0 . 60 0 . 1 0 1 .5 1 - 1 . 41 0 . 31 1 . 7 2 1 .4 1 - 1 . 12 - 1 . 72 0 . 608 0 : - 0 .4 2 - 0 . 8 6 - 0 . 44 - 0 . 1 0 0 . 9 1 - 1 . 02 0 . 23 1 . 2 0 0 . 96 - 0 . 7 6 - 1 . 25 0 . 4 98 5 : - 0 .3 2 - 0 . 66 - 0 . 34 - 0 . 08 0 .7 0 —0 . 78 0,.18 0 . 92 0 .7 4 - 0 . 58 - 0  . 96 0 . 3890 ; - 0 .2 9 - 0 . 6 0 - 0 . 31 - 0 . 0 6 0 . 63 - 0 . 69 0,.13 0 . 7 9 0 . 66 - 0 . 4 8 - 0 . 82 0 . 3 395 : - 0 .2 7 - 0 . 5 8 - 0 . 30 - 0 . 0 6 0 .5 9 - 0 . 65 0 ,. 09 0 . 72 0 .. 63 - 0 . 42 - 0 . 74 0 . 321 0 0 : - 0 .2 5 - 0 . 56 - 0 . 31 - 0 . 06 0 . 58 - 0 . 64 0,.05 0 . 68 0 . 6 3 - 0 . 37 - 0 . 69 0 . 331 0 5 : - 0 .2 3 - 0 . 5 6 - 0 . 33 - 0 .0 8 0 „ 57 - 0 . 64 0..01 0 . 64 0 . 6 3 - 0 . 3 1 - 0 . 65 0 . 341 1 0 : - 0 , .20 - 0 . 55 - 0 . 35 - 0 . 0 9 0 . 5 6 - 0  . 65 - 0 . .03 0 . 61 0 . 6 5 - 0 . 2 6 - 0 . 62 0 . 3 51 1 5 : - 0 .18 - 0 . 55 - 0 . 37 - 0 . 11 0 . 5 5 - 0 . 66 - 0 , .08 0 . 57 0 . 6 6 - 0 , 2 0 - 0 . 57 0 . 371 2 0 : - 0 , .1 6 - 0 . 55 - 0 . 39 - 0 . 1 2 0 . 54 - 0 . 66 - 0  .. 13 0 . 53 0 . 6 6 - 0 . 1 4 - 0 . 52 0 . 381 2 5 : - 0 . .1 4 - 0 . 54 - 0 . 40 - 0 . 12 0 . 5 2 - 0 . 64 - 0  . 18 0 . 4 8 0 . 6 6 - 0 . 0 8 - 0 . 47 0 . 3 91 3 0 : - 0 .1 2 - 0 . 53 - 0 . 40 - 0 . 1 2 0 . 5 0 - 0 . 62 - 0 ,. 22 0 . 42 0 . 64 - 0 . 0 2 - 0 . 40 0 . 381 3 5 : - 0 . .11 - 0 . 51 - 0 . 40 - 0 . 1 1 0 . 48 - 0 . 58 - 0  . 25 0 . 36 0 . 6 2 0 . 0 3 - 0  . 33 0 . 361 4 0 : - 0 . .1 0 - 0 . 4 8 - 0 . 38 - 0 . 0 9 0 . 4 4 —0 . 53 - 0  . 27 0 . 30 0 .. 57 0 . 08 - 0 . 26 0 . 341 4 5 : - 0  ,. 1 0 - 0 . 44 — 0 . 35 - 0 . 07 0 . 40 - 0 . 47 - 0  ,. 28 0 . 2 3 0 .5 2 0 . 11 - 0 . 19 0 . 301 5 0 : - 0 , .0 9 - 0 . 40 - 0 . 31 - 0 05 0 . 3 5 - 0 . 40 - 0 , .28 0 . 17 0 . 4 5 0 .. 14 - 0 . 12 0 . 2 61 5 5 : - 0 .0 8 - 0 . 3 4 ■-0. 26 - 0 . 0 3 0 . 3 0 - 0 . 33 - 0  . 26 0 . 1 2 0 . 3 8 0 . 14 - 0 . 07 0 . 2 21 6 0 : - 0 , .07 - 0 . 2 8 - 0 . 22 - 0 . 02 0 . 2 4 - 0 . 26 - 0 , .23 0 . 08 0 . 3 1 0 . 1 4 - 0 . 03 0 . 1 71 6 5 : - 0 , .0 5 - 0 . 2 2 - 0 . 17 - 0 . 0 2 0 . 1 8 - 0 . 20 - 0 , .19 0 . 05 0 .2 4 0 . 1 2 - 0 . 01 0 . 141 7 0 : - 0 . .0 3 - 0 . 1 6 - 0 . 13 - 0 . 02 0 . 1 3 - 0 . 15 - 0  ,. 15 0 . 0 3 0 . 1 8 0 . 1 0 - 0 . 01 0 . 111 7 5 : 0,.00 - 0 -10 - 0 . 10 - 0 . 0 4 0 . 0 9 - 0 . 13 - 0  ,. 10 0 . 04 0 .1 4 0 . 0 7 - 0 . 02 0 . 091 8 0 : 0,.0 3 - 0 . 0 5 - 0 . 09 - 0 . 06 0 . 0 6 - 0 . 12 - 0  ,. 06 0 . 0 5 0 . 1 2 0 . 0 3 - 0 . 06 0 . 0 9
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Appendix E Indentation stress fields
. S p e c i m e n / I n d e n t  N o . : J l l  , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : - 2 0
p h i 111 111 -1 ' - 1 1 1-- 11
1--10 1C1-1 03 - 1 110 101 0 1 - 1 1--10 101 O i l .110 1 0 - 1 O i l
0: - 0 . .04 - 0 . 10 - 0 . 05 0 . 03 0 . 0 5 - 0 . 02 - 0 . 0 6 0 . 0 1 0 .07 0 . 0 5 0 .04 0 . 0 15: - 0 , .01 - 0 . 11 - 0 . 10 - 0 . 0 3 0 . 0 7 - 0 . 10 - 0 . 1 0 0 , 0 4 0 .14 0 . 0 6 0 . 0 0 0 . 0 610 : 0, .01 - 0 . 14 - 0 . 14 - 0 . 0 8 0 . 0 9 - 0 . 18 - 0 . 1 5 0 . 0 8 0 . 2 2 0 . 0 7 - 0 . 0 3 0 . 1 01 5 : 0,.00 - 0 . 19 - 0 . 19 - 0 . 1 2 0 . 1 3 - 0 . 25 - 0 . 2 0 0 . 1 1 0 .3 1 0 . 0 8 - 0 . 0 5 0 . 1320 : - 0 , .02 - 0 . 25 - 0 . 24 - 0 . 14 0 . 1 8 - 0 . 31 - 0 . 2 5 0 . 1 4 0 . 3 9 0 . 0 9 - 0 . 0 7 0 . 1 62 5 : - 0 , .05 - 0 . 33 - 0 . 27 - 0 . 14 0 . 2 3 - 0 . 37 - 0 . 2 9 0 . 17 0 . 4 6 0 . 1 0 - 0 .08 0 . 183 0 : - 0 , .11 —0 . 41 - 0 . 30 - 0 . 1 2 0 . 2 9 - 0 . 41 - 0 . 3 3 0 . 2 0 0 .5 2 0 . 10 - 0 . 0 8 0 . 1835 : - 0 . .18 - 0 . 49 - 0 . 31 - 0 . 08 0 . 3 6 - 0 . 44 - 0 . 3 6 0 . 2 2 0 .5 7 0 . 1 0 - 0 . 0 8 0 . 1840 : - 0 , . 26 - 0 . 58 - 0 . 32 - 0 . 0 3 0 . 4 3 - 0 . 45 - 0 .3 7 0 . 2 4 0 .6 1 0 . 0 8 - 0 . 0 8 0 . 1645 : - 0 . .36 - 0 . 67 - 0 . 31 0 . 0 3 0 . 5 0 - 0 . 47 - 0 . 3 9 0 . 2 6 0 . 64 0 . 05 - 0 . 0 8 0 . 145 0 : - 0 , .48 - 0 . 78 - 0 . 30 0 . 0 9 0 . 6 0 —0 . 50 - 0 . 4 0 0 . 2 9 0 . 69 0 .01 - 0 . 1 0 0 . 1155 : - 0 , .64 - 0 . 93 - 0 . 29 0 . 15 0 . 7 3 - 0 . 59 - 0 . 4 2 0 . 3 6 0 .7 8 - 0 . 07 - 0 . 1 7 0 . 1060 : - 0 , .86 - 1 . 14 - 0 . 28 0 . 15 0 . 97 - 0 . 82 - 0 . 4 6 0 . 53 0 . 9 9 - 0 . 2 5 - 0 . 3 6 0 . 1165 : - 1 ,. 31 - 1 . 33 - 0 . 03 0 . 12 1 . 3 7 - 1 . 25 - 0 . 3 3 0 . 8 9 1 .2 2 - 0 . 8 6 - 0 . 9 2 0 . 0670 : - 2 , .31 - 1 . 51 0 . 80 0 . 93 1 . 7 3 - 0 . 81 0 .3 1 0 . 8 9 ' 0 . 5 9 - 1 . 6 9 - 1 . 1 2 - 0 . 5775 : - 1 . .74 - 1 . 67 0 . 06 0 . 68 1 . 5 3 - 0  . 85 - 0 . 2 9 0 . 70 1 . 0 0 - 0 . 77 - 0 . 5 6 - 0 . 2180 : - 1 , .00 - 1 . 15 - 0 . 15 0 . 2 5 1 . 0 2 - 0  . 77 - 0 . 3 6 0 . 54 0 .9 0 - 0 . 3 9 - 0 .4 1 0 . 0285 : - 0 . .76 " 0 . 88 - 0  . 12 0 . 19 0 . 7 8 - 0 . 59 - 0 . 2 8 0 .4 1 0 . 6 9 - 0 . 2 9 - 0 . 3 1 0 . 0 290 : - 0 , .69 - 0 . 77 - 0 . 09 0 . 2 0 0 . 6 8 - 0 . 48 - 0 . 2 3 0 .3 4 0 .57 - 0 . 2 5 - 0 . 2 5 - 0 . 0195 : - 0 , .65 - 0 . 72 - 0  . 07 0 . 2 2 0 . 6 3 - 0 . 41 - 0 .21 0 . 30 0 . 51 - 0 . 2 3 - 0 . 2 0 - 0 . 0 21 0 0 : - 0 . . 63 - 0 . 70 - 0 . 07 0 . 2 3 0 . 6 0 - 0 . 37 - 0 . 2 0 0 . 27 0 .4 7 - 0 . 20 - 0 . 17 - 0 . 0 31 0 5 : - 0 , .61 - 0 . 69 - 0  . 08 0 . 24 0 . 5 7 - 0 . 33 - 0 . 2 0 0 . 2 4 0 . 4 5 - 0 . 17 - 0 . 13 - 0 . 0 41 1 0 : - 0 . .59 - 0 . 68 - 0 . 09 0 . 2 6 0 . 55 - 0 - 29 - 0 . 2 0 0 . 22 0 .4 2 - 0 . 1 3 - 0 . 0 9 - 0 . 0 41 1 5 : - 0 , .58 - 0 . 67 - 0 . 09 0 . 2 8 0 . 5 3 - 0 . 25 - 0 . 2 0 0 . 19 0 .3 9 - 0 . 10 - 0 . 0 5 - 0 . 0 51 2 0 : - 0 , .56 - 0 . 65 - 0 . 09 0 . 30 0 . 5 0 - 0 . 20 - 0 . 2 0 0 . 1 6 0 . 3 5 - 0 . 0 6 - 0 . 0 0 - 0 . 0 61 2 5 : - 0 . .54 - 0 . 63 - 0 . 09 0 . 32 0 . 4 7 - 0 . 14 - 0 . 1 9 0 . 1 2 0 .3 1 - 0 . 0 3 0 . 0 5 - 0 . 0 81 3 0 : - 0 , .52 - 0 . 59 - 0 . 08 0 . 35 0 . 4 2 - 0 . 08 - 0 .1 7 0 . 08 0 . 2 5 - 0 . 0 0 0 . 0 9 - 0 . 0 91 3 5 : - 0 , .49 - 0 . 55 —0 . 06 0 . 36 0 - 38 - 0 . 02 - 0 .14 0 . 0 4 0 . 1 9 0 . 0 2 0 . 1 3 - 0 . 111 4 0 : - 0 , .45 - 0 . 49 - 0 . 04 0 . 37 0 . 3 3 0 . 04 - 0 .1 1 0 . 01 0 .1 2 0 . 0 3 0 . 1 6 - 0 . 131 4 5 : - 0 . . 41 - 0 . 43 - 0 . 02 0 . 37 0 . 2 8 0 . 09 - 0 . 08 - 0 . 02 0 . 0 6 0 .0 4 0 . 1 8 - 0 . 141 5 0 : - 0 , .37 - 0 . 36 0 . 00 0 . 35 0 . 2 2 0 . 13 - 0 . 0 5 - 0 . 0 5 0 .01 0 .0 4 0 .1 8 - 0 . 141 5 5 : - 0 . .31 - 0 . 29 0 . 02 0 . 33 0 . 1 7 0 . 15 - 0 . 0 3 - 0 . 06 - 0 . 0 3 0 . 0 4 0 . 1 8 - 0 . 1 41 6 0 : - 0 . .25 - 0 . 23 0 . 03 0 . 2 8 0 . 1 3 0 . 15 - 0 .01 - 0 . 07 - 0 . 0 5 0 .0 4 0 . 1 6 - 0 . 131 6 5 : - 0 , ,19 - 0 . 17 0 . 02 0 . 2 3 0 . 0 9 0 . 14 - 0 , .0 0 - 0 . 0 6 - 0 . 0 6 0 . 0 4 0 .14 - 0 . 101 7 0 : - 0 , .14 - 0 . 13 0 . 01 0 . 16 0 . 0 7 0 . 10 - 0 , .01 - 0 . 05 - 0 .04 0 . 0 4 0 .1 1 - 0 . 0 71 7 5 : - 0 . .08 - 0 . 10 - 0 . 02 0 . 10 0 . 0 5 0 . 04 - 0 . 0 3 - 0 . 0 2 0 .01 0 . 04 0 .07 - 0 . 0 31 8 0 : - 0 , .04 - 0 . 10 - 0 . 05 0 . 0 3 0 . 0 5 - 0 . 02 - 0 . 0 6 0 . 01 0 .07 0 . 0 5 0 .04 0 . 0 1
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Appendix E Indcntation stress fields
S p e c i m e n / I n d e n t  N o . :  J 1 7  , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : 15
p h i 111 111 -1-- 1 1 1-■11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l .110 101-1 O i l
0: - 0 . ,07 0 . 01 0 . 08 0 . 0 9 - 0 . 0 1 0 . 10 0, .05 - 0 . 0 5 - 0 .1 0 - 0 . 0 2 0 . 05 - 0 . 0 7
5 : “ 0. ,09 - 0 . 04 0 . 05 0 . 12 0 . 0 3 0 . 09 0 , 02 - 0 . 06 - 0 .0 8 0 . 0 1 0 . 08 - 0 . 0 6
1 0 : - 0 . ,14 - 0 . 10 0 . 04 0 . 17 0 . 0 7 0 . 11 - 0 , .00 - 0 . 0 8 - 0 .0 8 0 . 0 3 0 . 11 - 0 . 0 7
1 5 : - 0 . ,19 - 0 . 14 0 , 05 0 . 2 3 0 . 1 0 0 . 13 - 0 . .00 - 0 . 0 9 - 0 . 0 9 0 . 0 4 0 . 13 - 0 . 0 9
2 0 : - 0 , ,26 - 0 . 17 0 . 08 0 . 30 0 . 1 3 0 . 17 0, .01 - 0 . 12 - 0 . 1 3 0 . 0 3 0 . 16 - 0 . 1 2
2 5 : - 0 . ,32 - 0  . 20 0 . 13 0 . 3 8 0 . 1 6 0 . 22 0 , 04 - 0 . 1 4 - 0 . 1 8 0 . 0 1 0 . 17 - 0 . 1 7
3 0 : - 0  , 39 - 0 . 21 0 . 18 0 . 45 0 . 1 8 0 . 27 0 ., 09 - 0 . 1 5 - 0 .2 4 - 0 . 03 0 . 18 - 0 . 2 1
3 5 : - 0 , , 46 - 0 . 21 0. 25 0 . 5 2 0 . 2 0 0 . 32 0,, 14 - 0 . 1 6 - 0 .3 1 - 0 . 0 9 0 . 18 - 0 . 2 6
4 0 : - 0 . .52 - 0 . 20 0 . 32 0 . 5 7 0 . 2 1 0 . 36 0 ,. 20 - 0 . 1 7 - 0 .3 7 - 0 . 15 0 . 16 - 0 . 3 1
4 5 : - 0 . ,58 - 0 . 19 0 . 38 0 . 6 2 0 . 2 2 0 . 40 0,.26 -0 . 1 7 - 0 . 4 3 - 0 . 22 0 . 14 - 0 . 3 6
5 0 : - 0 . , 62 "0  . 18 0 . 45 0 . 6 6 0 . 2 3 0 . 42 0 ,. 32 -0 . 1 6 - 0 . 4 8 - 0 . 2 9 0 . 10 - 0 . 3 9
5 5 : “ 0, , 66 - 0 . 16 0 . 50 0 . 68 0 . 2 4 0 . 44 0 , 38 - 0 . 1 4 - 0 . 5 2 —0 . 36 0 . 06 - 0 . 42
60 : - 0 . .70 - 0 . 15 0 . 54 0 . 69 0 . 2 6 0 . 44 0,,43 - 0 . 1 2 - 0 .54 - 0 . 43 0 . 01 - 0 . 4 4
65 : - 0 , ,73 - 0 . 15 0. 58 0 . 7 0 0 . 2 7 0 . 43 0 , 47 - 0 . 0 9 - 0 . 5 6 - 0 . 4 9 - 0 . 04 - 0 . 4 5
7 0 : - 0 . ,75 - 0 . 14 0. 61 0 . 71 0 . 2 9 0 . 42 0 ,. 51 -0 . 0 6 - 0 . 57 - 0 . 55 - 0 . 09 - 0 . 4 67 5 : - 0 . ,78 - 0  . 14 0. 64 0 . 72 0 . 31 0 . 41 0 ., 55 - 0 . 0 3 - 0 . 58 - 0 . 61 - 0 . 13 - 0 . 4 88 0 : - 0 . ,82 - 0 . 14 0. 68 0 . 74 0 . 3 3 0 . 41 0 , 59 - 0 . 0 1 - 0 . 60 - 0 . 67 - 0 . 18 - 0 . 4 98 5 : - 0 . ,89 - 0 . 13 0 . 75 0 . 7 8 0 . 3 5 0 . 43 0 . 66 0 . 0 1 - 0 . 6 5 - 0 . 76 - 0 . 23 - 0 . 53
9 0 : - 1 ., 02 - 0  . 14 0. 88 0 . 90 0 . 4 0 0 . 49 0 , 78 0 . 0 2 - 0 . 7 6 - 0 . 91 - 0  „29 - 0 . 62
95 : - 1 , ,35 - 0  . 21 1 . 14 1 . 18 0 . 5 5 0 . 63 1 . 01 0 . 0 4 - 0 . 97 - 1 . 1 8 - 0  . 38 - 0 . 80
1 0 0 : - 2 . ,16 - 0 . 70 1 . 46 1 . 8 2 1 . 1 3 0 . 69 1 . 31 0 . 1 9 - 1 .1 2 - 1 . 65 - 0 . 62 - 1 . 0 3
1 0 5 : - 2 , ,52 - 1 . 25 1. 27 1 . 7 0 1 . 8 2 - 0 . 12 1,.38 0 . 92 - 0 . 4 5 - 2 . 20 - 1 . 50 - 0 . 7 0
1 1 0 : - 1 . ,79 - 0  . 27 1 . 52 1 . 3 6 0 . 8 5 0 . 50 1 ,. 47 0 . 39 - 1 . 0 9 - 1 . 91 - 0  . 97 - 0 . 941 1 5 : - 1 , .29 - 0 . 12 1. 17 1 . 17 0 . 4 5 0 . 72 1 ,. 02 - 0 . 0 3 - 1 . 0 5 - 1 . 1 4 - 0 . 30 - 0 . 841 2 0 : - 0 . .99 - 0 . 08 0 . 91 0 . 96 0 . 3 0 0 . 66 0 ,. 7 6 - 0 . 13 - 0 .8 8 - 0 . 79 - 0  . 10 - 0 . 6 9
1 2 5 : - 0 , .80 - 0 . 02 0 . 78 0 . 81 0 . 2 0 0 . 60 0 ,. 64 - 0 . 1 5 - 0 .7 8 - 0 . 63 - 0  . 03 - 0 . 60
1 3 0 : - 0 , .67 0 . 04 0 . 71 0 . 69 0 . 1 3 0 . 56 0,. 57 - 0 . 1 6 - 0 . 7 3 - 0 . 55 - 0 . 01 - 0 . 541 3 5 : - 0 . .55 0 . 10 0 . 65 0 . 59 0 . 0 6 0 . 53 0..5 3 - 0 . 1 6 - 0 .6 8 - 0 . 49 0 . 00 - 0 . 491 4 0 : - 0 , .45 0 . 14 0 . 60 0 . 49 0 . 0 0 0 . 49 0..4 9 - 0 . 1 5 - 0 . 64 - 0 . 45 0 . 00 - 0 . 4 5
1 4 5 : - 0 . .36 0 . 18 0 . 54 0 . 4 0 - 0 . 0 4 0 . 44 0,.44 - 0 . 14 - 0 . 58 - 0 . 40 - 0 . 00 - 0 . 40
1 5 0 : - 0 . .28 0 . 20 0 . 47 0 . 3 2 - 0 . 0 7 0 . 39 0 ,. 3 9 - 0 . 12 —O. 51 - 0 . 3 5 - 0  . 01 - 0 . 351 5 5 : - 0 , .20 0 . 20 0 . 40 0 . 2 4 - 0 . 0 9 0 . 33 0. . 34 - 0 . 10 - 0 .44 - 0 . 30 - 0  . 01 - 0 . 2 9
1 6 0 : - 0 . .14 0 . 19 0 . 33 0 . 17 - 0 . 0 9 0 . 26 0,.27 - 0 . 0 9 - 0 . 3 6 - 0 .2 4 - 0 . 01 - 0 . 2 3
1 6 5 : - 0 . ,09 0 . 16 0 . 25 0 . 1 2 - 0 . 0 8 0 . 21 0,.21 - 0 . 0 7 - 0 . 2 8 - 0 . 18 - 0 . 00 - 0 . 1 8
1 7 0 : - 0 . ,07 0 . 12 0. 18 0 . 0 9 - 0 . 0 7 0 . 16 0,.1 5 - 0 . 0 6 - 0 .21 - 0 . 1 3 0 . 01 - 0 . 1 3
1 7 5 : - 0 . ,06 0 . 07 0. 12 0 . 0 8 - 0 .0 4 0 . 12 0. . 10 - 0 . 0 5 - 0 . 1 5 - 0 . 07 0 . 03 - 0 . 101 8 0 : - 0 , ,07 0 . 01 0 . 08 0 . 0 9 - 0 . 0 1 0 . 10 0..0 5 - 0 . 05 - 0 . 10 - 0 . 02 0 . 05 - 0 . 07
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Appendix E Indentation stress fields
S p e c i m e n / I n d e n t  N o . :  J 2 l  , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : - 5
p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01. -1 1--10 101 O i l .110 1 0 - 1 O i l
0 : - 0 , .0 6 - 0 . 0 6 - 0 . ,01 0 . 07 0 . 0 5 0 . 02 - 0 , . 0 3 - 0 . 03 - 0 .0 0 0 .0 4 0. 05 - 0 .0 15: - 0 , .04 - 0 . 11 - 0 . ,07 0 . 03 0 . 0 9 - 0 . 05 - 0 , .07 0 . 0 0 0 .0 7 0 . 0 7 0. 02 0 . 0 51 0 : - 0 , .04 - 0 . 1 7 - 0 . 13 0 . 0 2 0 . 1 3 - 0 . 11 - 0 , .11 0 . 0 3 0 . 1 5 0 . 10 0 . ,00 0 . 1 01 5 : - 0 , . 06 - 0 . 2 4 - 0 . ,18 0 . 0 3 0 . 1 9 - 0 . 16 - 0  ,. 1 5 0 . 0 5 0 .21 0 . 12 - 0 . 01 0 . 132 0 : - 0 .09 - 0 . 3 1 ” 0 . 21 0 . 0 6 0 . 2 5 - 0 , 20 - 0  ,. 18 0 . 0 7 0 . 2 5 0 . 14 - 0 . 02 0 -1 62 5 : - 0 , .14 - 0 . 3 8 - 0 . 23 0 . 1 0 0 . 3 2 - 0 . 22 - 0 , .20 0 . 0 8 0 . 2 8 0 . 1 6 - 0 . 02 0 . 1 73 0 : - 0 , .21 - 0 . 4 5 - 0 . 24 0 . 1 6 0 . 3 8 - 0 . 22 - 0 , .21 0 . 0 8 0 . 2 9 0 . 16 - 0  . 01 0 . 173 5 : - 0 , .29 - 0 . 5 1 - 0 . 22 0 . 2 3 0 . 4 4 - 0 . 21 - 0 . .20 0 . 0 8 0 .2 8 0 . 14 - 0 . 01 0 . 1 540 : - 0 , .37 - 0 . 56 - 0 . 19 0 . 31 0 . 4 9 - 0 . 18 - 0 , ,18 0 . 08 0 . 2 5 0 . 12 - 0 . 00 0 . 1 24 5 : - 0 , .46 - 0 . 61 - 0 . 15 0 . 4 0 0 . 5 4 - 0  . 14 - 0 , .14 0 . 07 0 .2 1 0 . 08 - 0 . 00 0 .0 85 0 : - 0 . . 55 - 0 . 65 - 0 . 10 0 . 48 0 . 5 8 - 0 . 10 - 0  ,. 10 0 . 07 0 .1 7 0 . 0 3 - 0 . 01 0 . 045 5 : - 0 , . 64 - 0 . 69 - 0 . 04 0 . 57 0 . 63 - 0 . 06 - 0 , .0 5 0 . 0 7 0 . 1 2 - 0 . 02 - 0 . 01 - 0 . 0160 : - 0 , .74 - 0 . 7 3 0 . 01 0 . 67 0 . 69 - 0 . 02 0 ,. 01 0 . 08 0 .0 7 - 0 . 09 - 0 . 03 - 0 . 0 665 : - 0 , .87 - 0 . 81 0 . 06 0 . 7 8 0 . 7 7 0 . 01 0. .07 0 . 10 0 . 0 3 - 0 . 1 6 - 0 . 06 - 0 . 1070 : - 1 . .06 - 0 . 96 0 . 10 0 . 93 0 . 9 3 0 . 00 0,.12 0 . 15 ■ 0 . 0 3 - 0 . 2 5 - 0 . 12 - 0 . 1375 : - 1 ,. 37 - 1 . 31 0 . 06 1 . 1 6 1 . 2 9 - 0 . 13 0..18 0 . 3 3 0 . 1 5 - 0 . 39 - 0 . 30 - 0 . 0 880 : - 1 , .89 - 2 . 0 1 - 0 . 12 1 . 4 2 2 . 0 5 - 0 . 63 0 ,. 3 6 0 . 96 0 . 59 - 0 . 84 - 0 . 99 0 . 1 685 : - 2 . ,56 - 2 . 0 2 0 . 54 1 . 8 9 2 . 31 - 0 . 42 1 . 32 1 . 4 5 0 . 1 3 - 1 . 99 - 1 . 74 - 0 . 2 590 : - 2 . ,23 - 1 . 7 2 0 . 51 1 . 8 9 1 . 8 1 0 . 08 0.,74 0 . 58 - 0 .17 - 1 . 0 9 - 0 . 67 - 0 . 4295 ; - 1 ,.38 - 1 . 32 0 . 06 1 . 1 6 1 . 3 1 - 0 . 15 0, .20 0 . 3 6 0 . 17 - 0 . 42 - 0  . 35 - 0 . 0 81 0 0 : - 1 ., 01 - 1 . 0 3 - 0 . 02 0 . 8 4 1 . 0 0 - 0 . 16 0 ., 09 0 . 2 8 0 . 1 9 - 0 . 2 5 - 0 . 25 - 0 . 011 0 5 : - 0 . .86 - 0 . 8 7 - 0 . 02 0 . 72 0 . 8 4 - 0 . 12 0, .06 0 . 2 1 0 . 1 5 - 0 . 1 9 - 0 . 18 - 0 . 0 11 1 0 : - 0 , .78 - 0 . 77 0 . 01 0 . 67 0 .7 4 - 0 . 07 0. .05 0 . 1 5 0 .1 0 - 0 . 1 6 - 0 . 12 - 0 .0 41 1 5 : - 0 . .73 - 0 . 69 0 . 04 0 . 65 0 . 6 6 - 0 . 01 0. .05 0 . 0 9 0 . 0 5 - 0 . 1 3 - 0  . 06 - 0 . 0 71 2 0 : - 0 , ,69 - 0 . 6 2 0 . 07 0 . 63 0 . 5 9 0 . 04 0. .05 0 . 0 4 - 0 .01 - 0 . 1 1 - 0 . 00 - 0 . 1 01 2 5 : - 0 . .66 - 0 . 5 5 0 . 10 0 . 62 0 .5 2 0 . 10 0. .05 - 0 . 0 1 - 0 .0 7 - 0 . 0 9 0 . 05 - 0 . 141 3 0 : - 0 . ,62 - 0 . 4 8 0 . 14 0 . 60 0 . 4 4 0 . 16 0 . 06 - 0 . 0 6 - 0 .1 2 - 0 . 0 8 0 . 10 - 0 . 171 3 5 : - 0 . .57 - 0 . 4 0 0 . 17 0 . 58 0 . 3 7 0 . 21 0, ,07 - 0 . 1 1 - 0 .1 8 - 0 .0 7 0 . 14 - 0 .2 11 4 0 : - 0 . .52 - 0 . 3 2 0 . 20 0 . 54 0 . 2 9 0 . 25 0, ,08 - 0 . 14 - 0 . 2 2 - 0 . 0 6 0 . 17 - 0 . 2 31 4 5 : - 0 . ,47 - 0 . 2 4 0 . 22 0 . 5 0 0 . 2 2 0 . 27 0, .09 - 0 . 1 6 - 0 . 2 5 - 0 . 0 6 0 . 18 - 0 . 2 41 5 0 : - 0 . ,40 - 0 . 17 0 . 23 0 . 4 4 0 . 1 6 0 . 28 0, .10 - 0 . 17 - 0 .27 - 0 . 06 0. 19 - 0 . 2 51 5 5 : - 0 . ,34 - 0 . 1 1 0 . 22 0 . 3 8 0 . 1 0 0 . 28 0, .10 - 0 . 17 - 0 . 27 - 0 . 0 5 0 . 18 - 0 . 2 31 6 0 : - 0 . ,27 - 0 . 0 6 0 . 20 0 . 31 0 . 0 6 0 . 25 0, .09 - 0 . 1 6 - 0 .24 - 0 . 0 5 0 . 16 - 0 . 2 11 6 5 : - 0 . .20 - 0 . 0 4 0 . 17 0 . 2 4 0 . 0 3 0 . 21 0. .07 - 0 . 13 - 0 .2 0 - 0 . 0 3 0 . 14 - 0 . 171 7 0 : - 0 . ,14 - 0 . 03 0 . 12 0 . 17 0 . 0 2 0 . 15 0, ,04 - 0 . 10 - 0 . 1 5 - 0 . 01 0 . 11 - 0 . 121 7 5 : - 0 . .09 - 0 . 0 4 0 . 06 0 . 11 0 . 0 3 0 . 09 0. .01 - 0 . 0 7 - 0 .0 8 0 . 01 0 . 08 - 0 . 0 71 8 0 : - 0 . ,06 - 0 . 0 6 - 0 . 01 0 . 0 7 0 . 0 5 0 . 02 - 0 . .03 “ 0 . 03 - 0 .0 0 0 . 04 0 . 05 - 0 .0 1
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Appendix E I ndcntation stress fields
s p e c i m e n / I n d e n t  N o . : J 2 9  , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : - 5
p h i 111 -:111 -1- -11 1-■11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l . 1 1 0 IC1-1 O i l
0 : - 0 . .04 0 . 04 0 . 09 0 . 0 7 - 0 . 0 2 0 . 09 0 , 08 - 0 . 04 - 0 . 1 2 - 0 . 0 5 0 . 01 - 0 . 0 6
5 : - 0 . ,09 - 0 . 01 0 , 08 0 . 1 3 0 . 0 0 0 . 12 0 , 07 - 0 . 05 - 0 . 1 2 - 0 . 0 3 0 . 05 - 0 . 0 8
1 0 : —0.,14 - 0 . 04 0 . 09 0 . 19 0 . 0 3 0 . 17 0 , 08 - 0 . 0 7 - 0 . 1 5 - 0 . 0 3 0 . 09 - 0 . 11
1 5 : - 0 . ,20 - 0 . 07 0 . 13 0 . 2 7 0 . 0 5 0 . 22 0 , 10 - 0 . 0 9 - 0 . 1 9 - 0 . 0 4 0 . 11 - 0 . 1 52 0 : - 0 . ,26 - 0 . 09 0 . 18 0 . 34 0 . 0 6 0 . 28 0 , 14 -0 . 1 1 - 0 . 2 5 - 0 .0 7 0 . 13 - 0 . 2 0
2 5 : - 0 . ,33 - 0 . 09 0 . 24 0 . 41 0 . 0 8 0 . 34 0, ,20 - 0 . 1 3 - 0 . 33 - 0 . 11 0 . 14 - 0 . 2 5
3 0 : - 0 . ,39 - 0 . 08 0 . 31 0 . 48 0 . 0 9 0 . 39 0 , 26 - 0 .1 4 - 0 . 4 0 - 0 . 17 0 . 14 ■- 0 . 3 0
3 5 : - 0 . ,45 - 0 . 06 0 . 39 0 . 5 3 0 . 1 0 0 . 44 0, ,32 - 0 . 1 6 - 0 . 47 - 0 .24 0 . 12 - 0 . 3 5
4 0 : - 0 . ,51 - 0 . 04 0 . 47 0 . 5 8 0 . 1 1 0 . 47 0, ,38 -0 . 1 6 - 0 . 5 4 -0 . 3 1 0 . 09 - 0 . 4 0
4 5 : - 0 . ,56 - 0 . 01 0 . 55 0 . 61 0 . 1 2 0 . 49 0, ,44 -0 . 1 6 - 0 .6 0 -0 . 3 9 0 . 05 - 0 . 4 4
50 : - 0 , ,60 0 . 02 0 . 62 0 . 6 3 0 . 1 3 0 . 51 0,, 50 - 0 . 15 - 0 . 6 5 - 0 . 47 0 . 00 - 0 . 4 8
55 : - 0 , ,65 0 . 05 0 . 70 0 . 65 0 . 14 0 . 51 0,,56 - 0 . 14 - 0 .7 0 - 0 . 56 - 0 . 05 - 0 . 5160 : - 0 , , 71 0 . 07 0 . 78 0 - 68 0 . 1 7 0 . 51 0.,62 - 0 . 13 - 0 .7 4 - 0 . 65 - 0 . 11 - 0 . 5565 : - 0 . .80 0 . 08 0 . 88 0 . 7 3 0 . 2 0 0 . 52 0 , 69 - 0 . 1 1 - 0 .8 0 - 0 . 77 - 0 . 17 - 0 . 60
7 0 : - 0 , ,98 0 . 06 1 . 04 0 . 8 5 0 . 2 7 0 . 57 0 . 80 - 0 . 10 ' - 0 . 91 - 0 . 94 - 0 . 23 - 0 . 7 07 5 : - 1 . ,37 - 0 . 06 1 . 31 1 . 14 0 . 4 6 0 . 68 0 ,. 99 - 0 . 0 9 - 1 .0 8 - 1 . 2 2 - 0 . 31 - 0 . 918 0 : - 2 . .25 - 0  . 61 1 . 64 1 . 67 1 . 0 5 0 . 62 1 . 12 0 . 06 - 1 .0 6 -1 . 70 - 0 . 49 - 1 . 2 0
8 5 : - 2 . , 64 - 0  . 87 1 . 77 1 . 32 1 . 57 - 0 . 25 1,.05 0 . 60 - 0 . 4 5 - 2 . 37 - 1 . 30 - 1 . 0 690 : - 1 , .96 - 0 . 07 1 . 89 1 . 3 1 0 .8 0 0 . 51 1 ., 37 0 . 1 3 - 1 .2 4 - 2 . 02 - 0 . 86 - 1 . 16
95 : - 1 . .40 - 0 . 09 1 . 31 1 . 1 4 0 . 4 9 0 . 65 0.. 97 - 0 . 08 - 1 . 0 5 -1 . 2 3 —0 . 33 - 0 . 901 0 0 : - 1 , ,07 - 0 . 09 0 . 98 0 - 9 1 0 . 3 7 0 . 55 0,, 74 - 0 . 09 - 0 . 8 3 - 0 . 90 - 0 . 19 - 0 . 70
1 0 5 : - 0 , ,89 —0 . 05 0 . 84 0 . 7 8 0 . 2 9 0 . 49 0., 64 - 0 , 0 9 - 0 . 7 3 - 0 . 7 6 - 0 . 15 - 0 . 601 1 0 : - 0 . .78 - 0  . 00 0 . 78 0 . 69 0 . 2 3 0 . 46 0, , 60 - 0 . 0 9 - 0 .6 9 - 0 . 69 - 0  . 14 - 0 . 5 5 ’
1 1 5 : “ 0,.69 0 . 05 0 . 74 0 . 62 0 . 1 8 0 . 45 0 .58 - 0 . 10 - 0 . 67 - 0 . 64 - 0 . 13 - 0 . 51
1 2 0 : - 0 . .61 0 . 10 0 . 71 0 . 5 6 0 . 1 3 0 . 44 0,.57 - 0 . 10 - 0 .6 7 - 0 . 61 - 0  . 13 - 0 . 481 2 5 : - 0 . .53 0 . 16 0 . 68 0 . 5 0 0 . 0 8 0 . 42 0 ,. 55 - 0 . 10 - 0 . 6 6 - 0 . 58 - 0 . 13 - 0 . 4 5
1 3 0 : - 0 . .44 0 . 20 0 . 65 0 . 4 3 0 . 0 4 0 . 40 0..53 - 0 . 10 - 0 .64 - 0 . 54 - 0 . 13 - 0 . 41
1 3 5 : - 0 . .36 0 . 24 0 . 60 0 . 3 6 - 0 . 0 0 0 . 37 0..51 , - 0 . 1 0 - 0 . 6 0 - 0 . 51 - 0 . 14 - 0 . 37
1 4 0 : “ 0,.28 0 . 27 0 . 55 0 . 2 9 - 0 . 0 4 0 . 33 0 .47 - 0 . 09 - 0 .5 6 - 0 . 4 6 —0 . 14 - 0 . 3 21 4 5 : - 0 . .20 0 , 29 0 . 49 0 . 2 1 - 0 . 0 6 0 . 28 0 , 42 - 0 . 08 - 0 .5 0 - 0 . 41 - 0 . 14 - 0 . 2 71 5 0 : - 0 . .14 0 . 28 0 . 42 0 . 1 5 - 0 . 0 8 0 . 23 0,,37 - 0 . 06 - 0 . 4 3 - 0 . 36 - 0 . 14 - 0 . 2 21 5 5 : - 0 . .08 0 . 27 0 . 35 0 . 0 9 - 0 . 0 9 0 . 18 0,.31 - 0 . 05 - 0 . 3 6 - 0 . 30 - 0 . 13 - 0 . 1 7
1 6 0 : - 0 . .04 0 . 24 0 . 28 0 . 0 5 - 0 . 0 9 0 . 13 0,.25 - 0 . 04 - 0 . 2 9 - 0 .2 4 - 0 . 11 - 0 . 121 6 5 : - 0 . .01 0 . 20 0 . 21 0 . 0 2 - 0 . 0 8 0 . 10 0 ,. 19 - 0 . 03 - 0 .22 - 0 . 1 8 - 0 . 09 - 0 . 0 9
1 7 0 : - 0 , .01 0 . 15 0 . 15 0 . 0 2 - 0 . 0 6 0 . 08 0..14 - 0 . 0 3 - 0 . 17 - 0 . 1 3 —0 . 06 - 0 . 0 71 7 5 : - 0 , .02 0 . 09 0 . 11 0 . 0 4 - 0 .0 4 0 . 08 0,.10 - 0 . 0 3 - 0 . 1 3 - 0 . 0 8 - 0 . 02 - 0 . 06
1 8 0 : —0 . 04 0 . 04 0 . 09 0 . 07 - 0 . 0 2 0 . 09 0,.08 - 0 . 0 4 - 0 .1 2 - 0 . 0 5 0 . 01 - 0 . 06
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Appendix E I ndcntation stress fields
S p e c i m e n / I n d e n t  N o . :  G1 , S w a i n  & H a g a n  
R o t a t i o n  ( d e g ) : 10
p h i 111 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 — 1 1--10 101 O i l -110 1 0 - 1 O i l
0: - 0 , .10 - 0 . 11 - 0 . 01 0 . 0 6 0 . 0 8 - 0 . 03 0,.01 0 . 06 0 . 0 5 - 0 , 0 5 - 0 . ,03 - 0 . 015: - 0 , .10 - 0 . 1 1 - 0 . 00 0 . 0 1 0 . 0 4 - 0 . 03 - 0 . .0 3 0 . 0 6 0 . 1 0 - 0 . 0 6 0 . ,00 - 0 . 0 61 0 : - 0 , .13 —0 . 1 2 0 . 00 - 0 . 0 2 0 . 0 2 ■"0 .. 04 - 0 , .07 0 . 0 7 0 . 1 5 - 0 . 0 8 0. 03 - 0 . 1 11 5 : - 0 , .16 - 0 . 1 6 0 . 00 - 0 . 04 0 . 0 2 - 0 . 06 - 0 , .11 0 . 0 9 0 . 2 0 - 0 . 0 9 0. 05 - 0 . 142 0 : - 0 , .21 - 0 . 2 1 - 0 . 00 - 0 . 0 4 0 . 0 4 - 0 . 08 - 0 . .14 0 . 1 1 0 . 2 5 - 0 . 11 0. 06 - 0 . 1 72 5 : - 0 , .26 - 0 . 2 8 - 0 . 02 - 0 . 0 3 0 . 0 8 - 0 . 11 - 0 .17 0 . 1 3 0 . 3 0 - 0 . 11 0 , 07 - 0 . 1 83 0 : - 0  ,. 32 - 0 . 35 - 0 . 03 0 . 0 0 0 . 1 3 - 0 . 13 - 0 , .2 0 0 . 1 5 0 . 3 5 - 0 . 12 0. 07 - 0 . 1835 : - 0  . 37 - 0 . 42 — 0 . 05 0 . 0 4 0 . 2 0 - 0 . 16 - 0 , .22 0 . 1 6 0 . 3 8 - 0 . 1 1 0 . 06 - 0 .1 740 : - 0 , . 41 - 0 . 4 9 - 0 . 08 0 . 0 9 0 . 2 7 - 0 . 18 - 0 .2 3 0 . 17 0 . 4 0 - 0 . 0 9 0. 06 - 0 . 1 54 5 : - 0 , .4 5 - 0 . 55 - 0 . 10 0 . 1 3 0 . 3 3 - 0 . 20 - 0 .2 5 0 . 17 0 . 4 2 - 0 . 07 0 . 05 - 0 .1 15 0 : - 0 , .47 - 0 . 60 - 0 . 13 0 .,18 0 . 40 - 0 . 22 - 0 .2 6 0 . 1 6 0 . 42 - 0 . 0 3 0 . 04 - 0 . 0 75 5 : - 0  . 48 - 0 . 63 - 0  . 15 0 . 2 2 0 . 4 5 - 0 . 24 - 0  ,. 28 0 . 14 0 . 4 2 0 . 0 1 0. 04 - 0 . 0 360 : - 0  . 48 - 0 , 66 - 0 . 17 0 . 2 5 0 .5 0 - 0 . 25 - 0  ,. 29 0 . 12 0 . 41 0 . 0 6 0 . 04 0 . 0 265 : - 0 . .48 - 0 . 68 - 0  . 20 0 . 28 0 . 5 4 - 0 . 26 - 0 , .31 0 . 09 0 .4 0 0 .1 1 0. 05 0 . 0 67 0 : - 0 . .48 - 0 . 69 - 0 . 22 0 . 3 0 0 . 5 8 - 0 . 28 - 0 , .3 3 0 . 06 ' 0 . 3 9 0 . 1 6 0 . 06 0 . 107 5 : - 0 . , 48 - 0 . 72 - 0  . 24 0 . 33 0 . 6 3 - 0 . 29 - 0  ,. 36 0 . 03 0 . 39 0 . 2 1 0 . 07 0 . 1 580 : - 0 . .50 - 0 . 78 - 0 . 28 0 . 3 7 0 . 6 9 - 0 . 32 - 0 , . 40 0 . 0 0 0 .4 0 0 . 27 0. 08 0 . 1 985 : - 0 . .57 - 0 . 9 0 - 0 . 33 0 . 4 4 0 . 8 1 - 0  . 37 - 0 . . 47 - 0 . 01 0 . 4 6 0 . 34 0 . 10 0 . 2 590 : - 0 . .72 - 1 . 15 - 0 . 43 0 . 5 2 1 , 0 2 - 0  . 50 - 0  ,. 68 - 0 . 05 0 . 6 3 0 . 48 0 . 18 0 . 3095 : - 0 , ,84 - 1 . 42 - 0 . 59 0 . 33 1 . 0 9 - 0 . 76 - 1 ,. 40 - 0 . 31 1 . 0 9 0 . 90 0 . 64 0 . 2 61 0 0 : - 0 , ,10 - 0 . 8 5 - 0 . 75 - 0 . 10 0 . 7 5 - 0 . 85 - 2  ,. 17 - 1 . 22 0 . 95 1 . 97 1 . 32 0 . 651 0 5 : - 0 . , 64 - 1 , 3 2 —0 . 67 0 . 69 1 . 3 7 - 0 . 68 - 1 ,. 06 - 0 . 44 0 . 6 2 1 . 1 1 ' 0 . 39 0 . 7 31 1 0 : - 0  , 78 - 1 . 19 - 0 . 42 0 . 56 1 . 0 5 —0 . 49 - 0  . 61 0 . 02 0 . 6 3 0 . 40 0 . 12 0 . 281 1 5 : - 0  ., 68 - 0 . 98 - 0  . 30 0 . 4 4 0 . 8 1 - 0 . 38 - 0  ,. 43 0 . 1 1 0 .5 4 0 . 1 9 0 . 05 0 . 1 31 2 0 ; - 0 . ,61 - 0 . 8 6 - 0 . 24 0 . 40 0 . 7 1 - 0 . 31 - 0  ,. 31 0 . 1 4 0 . 4 6 0 . 10 0 . 00 0 . 101 2 5 : - 0 , ,57 - 0 . 7 9 - 0 . 22 0 . 4 0 0 . 6 7 - 0  . 27 - 0  ,. 2 2 0 . 1 6 0 . 38 0 . 0 5 - 0 . 05 0 . 1 01 3 0 : - 0 . ,53 - 0 . 73 - 0 . 20 0 . 42 0 . 6 5 - 0 . 23 - 0 , .14 0 . 1 8 0 .31 0 . 0 2 - 0 . 10 0 . 1 21 3 5 : - 0 . ,50 - 0 . 68 - 0 . 18 0 . 4 3 0 . 6 3 - 0  . 20 - 0  . 07 0 . 1 8 0 . 25 0 . 0 0 - 0 . 13 0 .1 41 4 0 : - 0 , ,45 - 0 . 62 - 0 . 17 0 . 4 3 0 . 6 0 - 0 . 17 - 0  ,. 01 0 . 18 0 . 1 9 - 0 . 0 1 - 0 . 16 0 . 1 51 4 5 : - 0 . ,40 - 0 . 5 5 - 0 . 15 0 . 42 0 . 5 6 - 0 . 14 0 ,. 04 0 . 17 0 . 13 - 0 . 0 2 - 0 . 18 0 . 1 61 5 0 : - 0 . ,34 - 0 . 4 7 —0. 13 0 . 3 9 0 . 5 1 - 0 . 11 0 ,. 08 0 . 15 0 . 0 8 - 0 . 0 2 - 0 . 19 0 . 1 71 5 5 : - 0 , ,28 - 0 . 3 9 - 0 . 11 0 . 3 5 0 . 4 4 - 0 . 09 0 ,. 10 0 . 13 0 . 0 4 - 0 . 0 2 - 0 . 18 0 . 1 61 6 0 : - 0  ., 22 - 0 . 3 1 — 0 . 09 0 . 3 0 0 . 3 7 - 0 . 06 0,, 10 0 . 11 0 . 0 1 - 0 . 0 2 - 0 . 16 0 . 141 6 5 : - 0 . ,17 - 0 . 2 4 - 0 . 07 0 . 2 4 0 . 2 9 - 0 . 05 0. .09 0 . 0 9 - 0 . 0 0 - 0 . 0 2 - 0 . 14 0 . 111 7 0 : - 0 . ,13 - 0 . 18 - 0 . 05 0 . 18 0 . 2 1 - 0 . 03 0 ., 07 0 . 08 0 . 0 0 —0 . 0 3 - 0 . 10 0 . 0 81 7 5 : - 0 . ,11 - 0 . 1 4 - 0 . 03 0 . 11 0 . 14 —0 . 03 0 ., 04 0 . 0 6 0 . 0 2 - 0 . 0 3 —0 . 07 0 . 0 31 8 0 : - 0 . ,10 - 0 . 11 - 0 . 01 0 . 0 6 0 . 0 8 - 0  . 03 0,,01 0 . 0 6 0 . 0 5 - 0 . 0 5 - 0 . 03 - 0 . 01
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Appendix E Indentation stress fields
S p e c i m e n / I n d e n t  N o . :  G5 , S w a i n  & H a g a n  
R o t a t i o n  ( d e g ) : 10
p h i 111 111 -1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 101 O i l . 110 1 0 - 1 O i l
0: - 0 . 0 5 0 . 0 5 0 . 09 0 . 0 6 - 0 . 0 4 0 . 10 0 . 0 7 - 0 . 03 - 0 .1 1 - 0 . 0 6 0 . 03 - 0 . 0 95 : - 0 . 0 9 0 . 0 2 0 . 11 0 . 11 - 0 . 0 2 0 . 13 0 . 0 6 - 0 . 07 - 0 .1 2 - 0 . 0 4 0 . 07 - 0 . 111 0 : - 0 . 1 5 - 0 . 0 0 0 . 14 0 . 1 7 . - 0 . 0 1 0 . 17 0 . 0 6 - 0 . 10 - 0 . 1 6 - 0 . 0 4 0 . 11 - 0 . 1 515 : - 0 .2 1 - 0 . 0 2 0 . 19 0 . 2 3 0 . 0 0 0 . 23 0 . 0 8 - 0 . 1 3 - 0 . 2 1 - 0 . 0 6 0 . 15 - 0 . 2 02 0 : - 0 .27 - 0 . 0 2 0 . 25 0 . 3 0 0 . 0 1 0 . 29 0 . 1 2 - 0 . 1 5 - 0 .2 7 - 0 . 0 9 0 . 17 - 0 . 2 62 5 : - 0 . 3 3 - 0 . 0 2 0 . 31 0 . 3 6 0 . 0 1 0 . 35 0 . 1 7 - 0 . 1 6 - 0 .3 4 - 0 .1 4 0 . 18 - 0 . 3 330 : - 0 . 3 9 - 0 . 0 2 0 . 37 0 . 4 2 0 . 0 0 0 . 41 0 .2 4 - 0 . 1 6 - 0 .4 0 - 0 . 2 1 0 . 18 - 0 . 3 935 : - 0 .44 - 0 . 0 1 0 . 43 0 . 4 7 - 0 . 0 0 0 . 47 0 . 3 1 - 0 . 1 5 - 0 .4 6 - 0 . 2 8 0 . 16 - 0 . 4 44 0 : - 0 .4 8 0 . 0 0 0 . 49 0 . 51 - 0 . 0 0 0 . 51 0 . 3 8 - 0 . 12 - 0 .5 1 - 0 . 36 0 . 12 - 0 . 4 84 5 : - 0 .5 2 0 . 0 1 0 . 53 0 . 53 0 . 0 0 0 . 53 0 . 4 6 - 0 . 0 9 - 0 .54 - 0 .4 4 0 . 08 - 0 . 5250 : - 0 . 5 5 0 . 0 1 0 . 56 0 . 55 0 . 0 1 0 . 55 0 .5 2 - 0 . 04 - 0 . 57 —0 . 52 0 . 02 - 0 . 5455 : - 0 .57 0 . 0 1 0 . 58 0 . 5 7 0 . 0 2 0 . 55 0 . 5 9 0 . 0 1 - 0 . 58 - 0 . 59 - 0 . 04 - 0 . 5560: - 0 .5 9 0 . 0 0 0 . 59 0 . 57 0 . 0 4 0 . 54 0 . 64 0 . 0 7 - 0 . 58 - 0 . 66 - 0  . 10 - 0 . 5 565 : - 0 .61 - 0 . 0 1 0 . 60 0 . 5 8 0 . 0 6 0 . 52 0 . 6 9 0 . 1 2 - 0 .5 7 - 0 . 72 .- 0 . 17 - 0 . 5570 : - 0 .63 - 0 . 0 3 0 . 61 0 . 59 0 . 0 8 0 . 51 0 .74 0 . 1 8  ' - 0 . 5 6 - 0 . 7 9 - 0 . 23 - 0 . 5 575 : - 0 , .67 - 0 . 0 4 0 . 62 0 . 61 0 . 11 0 . 50 0 .8 0 0 . 2 4 - 0 . 5 6 - 0 . 8 6 - 0 . 30 - 0 . 568 0 : - 0 , .72 - 0 . 0 6 0 . 66 0 . 65 0 . 1 3 0 . 51 0 . 8 9 0 . 3 0 - 0 . 5 9 - 0 . 96 - 0  . 37 - 0 . 5 985 : - 0 , .84 - 0 . 0 8 0 . 76 0 . 7 5 0 . 1 7 0 . 58 1 .04 0 . 3 8 - 0 . 6 7 - 1 . 14 - 0 . 47 - 0 . 6790 : - 1 . 1 5 - 0 . 1 6 0 . 99 1 . 0 3 0 . 2 7 0 . 75 1 . 3 6 0 . 50 - 0 . 8 6 - 1 . 4 9 - 0  . 61 - 0 . 8 895: - 1 ,. 99 - 0 . 6 6 1 . 34 1 . 7 5 0 . 7 6 0 . 99 1 . 8 5 0 . 7 5 - 1 .1 0 - 2 . 0 9 - 0  . 86 - 1 . 2 31 0 0 : - 2 , .40 - 1 . 54 0 . 86 1 . 8 9 1 . 66 0 . 23 1 . 9 8 1 . 63 - 0 . 3 5 - 2 . 50 — 1 . 75 - 0 . 7 51 0 5 : - 1 ,. 53 - 0 . 4 6 1 . 07 1 . 2 4 0 . 6 4 0 . 59 1 . 92 1 . 1 4 - 0 .7 8 - 2 . 21 — 1 . 32 - 0 . 8 91 1 0 : - 1 .11 - 0 . 0 9 1 . 02 1 . 0 0 0 . 2 0 0 . 80 1 . 35 0 . 4 4 - 0 . 91 - 1 . 4 6 - 0 , 55 - 0 . 911 1 5 : - 0 , .86 - 0 . 0 1 0 . 85 0 . 8 1 0 . 0 8 0 . 72 1 .02 0 . 2 2 - 0 . 8 0 - 1 .0 7 - 0 . 29 - 0 . 781 2 0 : - 0 . .69 0 . 0 5 0 . 74 0 . 6 6 0 . 0 2 0 . 65 0 . 8 5 0 . 1 4 - 0 .71 - 0 .8 8 - 0 . 21 - 0 . 681 2 5 : - 0 , .57 0 . 10 0 . 67 0 . 55 - 0 . 0 4 0 , 59 0 . 7 6 0 . 1 1 - 0 . 65 - 0 .7 8 —0 . 18 - 0 . 601 3 0 : - 0 .4 6 0 . 15 0 . 60 0 . 4 5  •- 0 . 0 8 0 . 53 0 . 69 0 . 1 0 - 0 .6 0 - 0 . 70 - 0  . 16 - 0 . 541 3 5 : - 0 .3 6 0 . 18 0 . 54 0 . 3 6 - 0 . 1 2 0 . 48 0 . 63 0 . 09 - 0 .54 - 0 . 64 - 0  . 16 - 0 . 4 81 4 0 : - 0 , .27 0 . 21 0 . 48 0 . 2 7 - 0 . 1 4 0 . 42 0 .57 0 . 0 9 - 0 .4 8 - 0 . 57 - 0  . 16 - 0 . 4 11 4 5 : - 0 .1 9 0 . 2 2 0 . 41 0 . 1 9 - 0 . 1 6 0 . 35 0 .5 1 0 . 0 9 - 0 .41 - 0 . 5 0 - 0 . 15 - 0 . 351 5 0 : - 0 .1 2 0 . 2 2 0 . 34 0 . 1 2 - 0 . 1 6 0 . 29 0 . 4 3 0 . 0 9 - 0 . 3 5 - 0 . 4 3 - 0  . 15 - 0 . 2 81 5 5 : - 0 .07 0 . 2 1 0 . 27 0 . 0 7 - 0 . 1 5 0 . 22 0 . 36 0 . 0 8 - 0 .2 8 - 0 . 3 6 - 0  . 14 - 0 . 2 21 6 0 : - 0 .0 3 0 . 1 9 0 . 21 0 . 0 3 - 0 . 1 4 0 . 17 0 .2 9 0 . 0 7 - 0 .2 2 - 0 .2 8 - 0 . 12 - 0 . 1 71 6 5 : - 0 .00 0 . 1 5 0 . 16 0 . 0 1 - 0 . 1 2 0 . 13 0 .2 2 0 . 0 5 - 0 . 1 6 - 0 .2 1 - 0 . 09 - 0 . 1 21 7 0 : - 0 , .00 0 . 1 2 0 . 12 0 . 0 1 - 0 . 0 9 0 . 10 0 . 1 6 0 . 0 3 - 0 . 1 3 - 0 . 1 5 - 0  . 06 - 0 . 0 91 7 5 : - 0 , .02 0 . 0 8 0 . 10 0 . 0 2 - 0 . 0 7 0 . 09 0 .11 - 0 . 00 - 0 .11 - 0 . 10 - 0  . 02 - 0 .0 81 8 0 : - 0 , .05 0 . 0 5 0 . 09 0 . 0 6 - 0 . 0 4 0 . 10 0 .07 - 0 . 0 3 - 0 .11 - 0 . 0 6 0 . 03 - 0 . 0 9
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Appendix E I ndcntation stress fields
S p e c i m e n / I n d e n t  N o . :  G9 , S w a i n  & H aga n  
R o t a t i o n  ( d e g ) : 10
p h i 111 - 1 1 1 - 1 -
3
-11 1--11
1--10 1 0 - 1 0 1 - 1 11 0 101 0 1 - 1 1--10 .01 O i l 110 1 0 - 1 O i l
0: - 0 . .01 0..08 0,.0 9 0 . .01 - 0 . .04 0,,05 0. ,07 - 0 . 02 - 0 . ,09 - 0 , ,07 - 0 , .0 2 - 0 . ,05
5: - 0 . .0 5 0,.08 0 . 1 3 0. .07 - 0 . .04 0,,11 0, ,09 - 0 , 06 - 0 . ,15 - 0 . ,07 0,.02 - 0 , ,09
10 : - 0 . .09 0,.0 9 0,.1 9 0. .13 - 0 . 04 0,,17 0, ,13 — 0 . 09 - 0 . ,23 - 0 , ,09 0..04 - 0 . ,13
1 5 : - 0 , .13 0.,12 0,. 2 5 0. ,19 - 0 . ,05 0,,23 0, ,18 - 0 , 13 - 0 , ,30 - 0  , 13 0.. 0 5 - 0 . ,18 '
2 0 : - 0 , .18 0.,15 0 .3 2 0. ,2 3 - 0 . ,05 0,,28 0, ,23 - 0 . 15 - 0 . ,38 - 0  , 18 0,. 0 5 - 0 , ,232 5 : - 0 . .21 0,,18 0 .4 0 0. ,27 - 0 . ,05 0.,32 0, ,29 - 0 . 16 - 0 . 45 - 0 . ,24 0 . 0 3 - 0 , ,27
30 : - 0  ,. 25 0, ,22 0,. 4 6 0 .. 29 - 0 . .06 0,, 34 0 ., 35 - 0 . 16 - 0  ., 51 - 0  , 30 - 0  ,. 0 0 - 0  ,. 30
3 5 : - 0 , .27 0 , 25 0,.52 0. ,30 - 0 . .05 0 ., 35 0, ,40 - 0 . 15 - 0 . ,55 - 0  , 37 - 0 , .05 - 0  , 3340 : - 0 , .29 0 ., 27 0,.57 0. 29 - 0 . .04 0 ,.34 0 , 44 - 0 . 12 - 0 . , 57 - 0  ., 44 - 0 , .11 - 0 . , 34
45 : - 0 , .31 0, ,29 0,.60 0 . 28 - 0 . .03 0 .,31 0 , 48 - 0  . 09 - 0  .,57 - 0  ., 51 - 0 , .17 - 0  ., 34
50 : - 0 , .33 0,, 30 0,. 6 3 0, 27 - 0 . .01 0 ,. 27 0. , 51 - 0  . 05 - 0 . ,56 - 0  ., 57 - 0 .2 3 - 0 , , 34
55 : - 0 . .3 5 0.,29 0,.6 4 0 . 25 0 .,02 0,,23 0, ,53 - 0 . 01 - 0  .,54 - 0 . , 63 - 0 .3 0 - 0 . , 3260 : “ 0,.36 0.,28 0..64 0. .23 0, ,05 0., 17 0. , 54 0. .04 - 0  ., 51 - 0 . , 68 - 0 .37 - 0 . , 31
65 : - 0 , .38 0., 26 0 .6 4 0 . . 21 0. .09 0 , 12 0 , 5 5 0. ,08 -0>,47 - 0 . , 72 - 0 , . 4 3 - 0 . ,29
7 0 : - 0 , .40 0,, 24 0 .64 0. . 20 0. . 13 0,. 07 0 , 56 0. 13  ■- 0 , .44 - 0 . , 77 - 0 .4 9 - 0 . ,27
7 5 : - 0  ,. 43 0 , 22 0 . 6 5 0. .19 0. ,17 0 , 02 0 ,. 58 0. , 17 - 0 , , 41 - 0 , ,82 - 0 . 5 6 - 0 . ,268 0 : - 0 . .47 0.,22 0 .6 9 0. .19 0. .21 - 0 , ,03 0 , 62 0. 22 - 0 , ,40 - 0 , , 91 - 0 . 6 5 - 0 , ,268 5 : - 0 , .55 0 , 23 0 .7 9 0. .21 0. .27 - 0 , ,0 6 0 ,. 72 0. 28 - 0 , ,44 - 1 , 07 - 0 .7 8 - 0 , ,29
90 : - 0 , .79 0 ,. 27 1 .0 6 0. , 34 0. ,39 - 0 . , 05 0 , 96 0 ,, 3 5 - 0 . .61 - 1 ., 41 - 1 .01 - 0  , 4095 : - 1 ,. 54 0 ,. 11 1 . 65 0 .. 92 0, ,84 0 , 08 1 ,. 45 0 ., 42 - 1 ., 03 - 2 , ,07 - 1 ,. 37 - 0 . ,70
1 0 0 : - 2  ,. 22 - 0  ,. 8 3 1, .3 9 1 .. 21 1 . 82 - 0  ,. 61 1 ,. 33 0 ., 95 - 0 , ,38 - 2 . , 34 - 1 . 9 3 - 0 . ,401 0 5 : " 1 , .1 6 - 0 , .01 1 . 1 5 0 .. 33 0 ., 90 - 0 , . 57 1 .. 13 0. ,82 - 0 , ,32 - 1 ., 97 - 1 .70 - 0 . . 27
1 1 0 : - 0 .72 0, . 35 1 .0 7 0. .30 0, ,31 - 0 , , 01 0 . 96 0, , 32 - 0  , 64 - 1 ., 39 - 0 . 97 - 0 , ,411 1 5 : - 0 , .53 0, . 36 0 . 8 9 0. , 2 6 0, ,14 0,.11 0 . 78 0, ,1 6 - 0  ,, 62 - 1  , 0 5 - 0 . 6 6 - 0 , ,391 2 0 : - 0 .40 0,. 3 6 0 . 7 6 0. .19 0. ,07 0 ,. 12 0, . 66 0, , 11 - 0 , .55 - 0 . , 87 - 0 . 54 - 0 , , 331 2 5 : - 0 , .30 0, , 36 0 .  65 ' 0. .11 0. ,02 0, , 10 0, .57 0. , 10 - 0 . , 47 - 0 , ,7 6 - 0 , . 47 - 0 . ,28
1 3 0 : - 0 , .21 0 , 35 0 . 5 6 0. ,04 - 0 . ,02 0.,06 0 ,. 50 0. , 10 - 0 , ,39 - 0 , , 67 - 0 .44 - 0 . ,23
1 3 5 : - 0 , .1 3 0. .3 5 0 . 4 8 - 0 . . 03 - 0 , ,05 0, ,02 0,.43 0. , 11 - 0 , ,32 - 0 , , 59 - 0 .41 - 0 . , 181 4 0 : - 0 . .07 0,.3 3 0 . 3 9 - 0 . ,09 - 0 . ,07 - 0 , ,02 0. .36 0. , 12 - 0 . .24 - 0 , . 51 - 0 .3 8 - 0 . , 131 4 5 : - 0 , .01 0,.30 0 .31 - 0 . , 13 - 0 . ,08 - 0 , ,0 5 0 .. 30 0, ,13 - 0 , .17 - 0 , ,44 - 0 , . 3 5 - 0 . , 09
1 5 0 : 0,.0 3 0,.27 0 .24 - 0 . .1 6 - 0 . .08 - 0 . ,08 0 ,. 23 0 ., 13 - 0 , ,11 - 0  , 3 6 - 0 . 31 - 0 , ,051 5 5 : 0..0 6 0,.2 3 0 .17 - 0 . ,18 - 0 . ,08 - 0 , , 09 0 ,. 17 0 ,, 12 - 0 . .05 - 0  , 2 9 - 0 .27 - 0  ,, 021 6 0 : 0, .07 0 ,. 1 9 0 .11 - 0 . , 17 - 0 . ,08 - 0 , .09 0 ,. 13 0 ., 11 - 0 , .02 - 0  ,, 22 - 0 .2 2 - 0 . ,001 6 5 : 0 .07 0. . 15 0 . 0 8 - 0 . , 15 - 0 . ,07 - 0 . .08 0, .09 0 ., 08 - 0 . ,00 - 0  , 1 6 - 0 . 1 7 0,,01
1 7 0 : 0 . 0 6 0.. 12 0 . 0 6 - 0 , ,11 - 0 . .06 - 0 , .0 5 0, .07 0. 05 - 0 , ,01 - 0 , ,11 - 0 . 1 2 0 , 001 7 5 : 0 . 0 3 0,.0 9 0 . 0 6 - 0 . , 05 - 0  , 05 - 0 , .00 0..06 0 ., 02 - 0 . ,04 - 0  .. 08 - 0 . 0 6 - 0 , ,021 8 0 : - 0 .01 0,.0 8 0 . 0 9 0, , 01 - 0  , 04 0..0 5 0 . 07 - 0 . , 02 - 0  , 09 - 0 . 0 7 . - 0 . 0 2 - 0 . ,05
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Appendix E Indentation stress fields
S p e c i m e n / I n d e n t  N o . :  G25 
R o t a t i o n  ( d e g ) : 10 S w a i n  6 H ag a n
p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 101 o i l 110 1 0 - 1 O i l
0 : - 0 .0 2 - 0 . 0 9 - 0 , .08 - 0 . 0 0 0 . 0 5 - 0 . ,06 - 0 . 0 6 0 . 0 4 0 . 10 0 . 0 4 0 .0 0 0 . 0 35 : 0,.0 2 - 0 . 0 9 - 0 , .10 - 0 . 0 7 0 . 0 5 - 0 . ,12 - 0 . 0 9 0 . 0 7 0 . 1 6 0 . 0 4 - 0 . 0 3 0 . 0 710 : 0 .0 4 - 0 , 1 0 “ 0,.14 - 0 . 13 0 . 0 6 - 0 , ,19 - 0 . 1 3 0 . 1 0 0 .2 3 0 . 0 4 - 0 . 0 6 0 . 101 5 : 0 .0 5 - 0 . 1 3 - 0 , .18 - 0 . 18 0 . 0 8 - 0 . ,26 - 0 .1 7 0 . 1 4 0 . 31 0 . 0 4 - 0 . 0 9 0 . 1 32 0 : 0,.04 - 0 . 1 8 - 0 . .22 - 0 . 2 1 0 . 1 2 - 0 . ,33 - 0 .2 1 0 . 1 8 0 . 3 9 0 . 0 4 - 0 . 1 2 0 . 1 62 5 : 0 .02 - 0 . 2 4 - 0 .26 - 0 . 2 2 0 . 1 7 - 0 . ,39 - 0 . 2 5 0 . 2 2 0 . 4 7 0 . 05 - 0 .1 4 0 . 1 93 0 : - 0 , .02 - 0 . 31 - 0 , . 29 - 0 . 2 2 0 . 2 2 - 0 „ , 44 - 0 .2 8 0 . 2 4 0 . 5 3 0 . 0 5 - 0 . 1 6 0 . 2 035 : - 0 .07 - 0 . 3 9 - 0 , .31 - 0 . 1 9 0 - 2 8 - 0 . 48 - 0 , .31 0 . 2 7 0 . 58 0 . 05 - 0 . 1 7 0 . 2 140 : - 0 , .1 3 - 0 . 4 6 - 0 , ,32 - 0 . 15 0 . 3 5 - 0 . 50 - 0 , . 3 3 0 . 2 8 0 .6 1 0 . 0 4 - 0 .1 7 0 .2145 : - 0 , .20 - 0 . 5 2 - 0 , ,32 - 0 . 10 0 .4 1 - 0 . 50 - 0 . 3 3 0 . 2 9 0 . 6 2 0 . 0 3 - 0 . 17 0 .2 050 : - 0 , .28 - 0 . 5 8 - 0 . ,30 - 0 . 0 4 0 . 4 6 - 0 . 50 - 0 . . 3 3 0 . 2 9 0 . 6 2 0 . 0 1 - 0 . 1 8 0 . 1 955 : - 0 , .35 - 0 . 63 - 0 . .28 0 . 0 3 0 . 52 - 0 . 49 - 0 . 31 0 . 29 0 . 6 0 - 0 .01 - 0 . 18 0 . 1 760 : - 0 , . 42 - 0 . 66 - 0 . ,24 0 . 0 9 0 . 56 - 0 . 47 - 0 , .2 9 0 . 2 8 0 .5 7 - 0 . 0 4 - 0 . 18 0 . 1465 : - 0 . .49 - 0 . 70 - 0 . ,20 0 . 1 5 0 . 61 - 0 . 46 - 0  ,. 27 0 . 27 0 .54 - 0 . 07 - 0 . 1 9 0 . 1270 : - 0 . .56 - 0 .7 3 - 0 . ,16 0 . 21 0 . 65 - 0  . 44 - 0 . .2 5 0 . 27 ' 0 .5 2 - 0 . 10 - 0 . 1 9 0 . 0975 : - 0 , .64 - 0 . 77 - 0 , ,13 0 . 2 7 0 . 7 1 - 0 . 44 - 0  ,. 2 3 0 . 2 6 0 . 5 0 - 0 . 14 - 0 .21 0 . 0780 : - 0 . .74 - 0 . 8 4 - 0 , ,10 0 . 3 4 0 . 7 9 - 0 . 45 - 0 , .2 3 0 . 2 7 0 .5 0 - 0 . 17 - 0 . 2 2 0 . 0 585 : - 0 , .89 - 0 . 98 - 0 , ,09 0 . 42 0 . 93 - 0 . 51 - 0  ,. 24 0 . 31 0 . 5 5 - 0 . 2 2 - 0 . 2 6 0 . 0490 : - 1 .. 15 - 1 . 2 6 - 0 . , 11 0 . 5 1 1 . 2 2 - 0 . 71 - 0 , .3 3 0 . 4 3 0 . 7 5 - 0 . 3 2 - 0 .3 9 0 . 0 795 : - 1 . ,63 - 1 . 6 5 - 0 . ,03 0 . 45 1 . 7 9 - 1 . 33 - 0 . . 45 0 . 7 5 1 .2 0 - 0 . 7 2 - 0  ,. 88 0 „ 161 0 0 : - 2 . ,34 - 1 . 40 0 .,94 0 , 8 7 2 . 1 0 “ 1 24 0 . 11 0 . 65 0 .5 4 - 1 . 58 - 1 ,. 35 - 0 , 2 31 0 5 : - 1 ., 95 - 1 .6 0 0. ,34 1 . 0 9 1 . 7 7 - 0  „88 —0 , 10 0 . 4 1 0 . 5 1 - 0 . 7 6 - 0 , . 58 - 0 . 181 1 0 : - 1 ., 11 - 1 .2 8 - 0 . ,18 0 . 4 9 1 . 2 0 - 0  . 71 - 0 . , 36 0 . 4 3 0 . 7 9 - 0 . 2 5 - 0 , , 34 0 . 0 91 1 5 : - 0 . ,75 - 1 . 0 1 - 0 , ,26 0 . 2 8 0 . 8 9 - 0 . 61 - 0 , , 36 0 . 3 7 0 . 7 3 - 0 . 11 - 0 , ,2 5 0 .1 41 2 0 : - 0 . , 60 - 0 . 8 7 - 0 . ,27 0 . 2 3 0 . 7 4 —0 . 51 - 0 , ,33 0 . 31, 0 .64 - 0 . 05 - 0 , .18 0 ., 131 2 5 : - 0 . ,53 - 0 . 7 8 - 0 . 26 0 . 2 3 0 . 64 - 0 . 41 - 0 , ,30 0 . 2 6 0 . 5 6 - 0 . 00 - 0 , . 12 0 . 1 11 3 0 : - 0 . ,48 - 0 . 7 2 - 0 . ,24 0 . 2 4 0 . 5 7 - 0 . 32 - 0 , ,26 0 . 2 1 0 . 4 8 0 . 0 3 - 0 , ,0 6 0 . 0 91 3 5 : - 0 . ,44 - 0 . 66 - 0 . 22 0 . 2 7 0 . 51 - 0 . 24 - 0 , , 23 0 . 1 7 0 . 3 9 0 . 0 6 - 0  , 01 0 . 0 71 4 0 : - 0 . ,40 - 0 . 60 - 0 . ,20 0 . 2 8 0 . 4 4 - 0 . 16 - 0 , ,19 0 . 12 0 .31 0 . 0 7 0,,03 0 ., 041 4 5 : - 0 . ,36 - 0 ., 53 - 0 . ,17 0 . 2 9 0 . 3 8 - 0 . 09 - 0 . ,15 0 . 08 0 .24 0 . 0 8 0.,07 0 . 021 5 0 : - 0 . ,32 - 0 ..45 - 0 . 13 0 . 2 9 0 . 32 - 0 . 03 - 0 . ,12 0 , 0 5 0 ,16 0 . 0 9 0 , 09 - 0 . 0 01 5 5 : - 0 . ,27 - 0 . 3 8 - 0 , 10 0 . 2 7 0 . 2 6 0 . 01 - 0  ., 08 0 . 02 0 .1 0 0 . 0 8 0,,10 - 0 . 0 21 6 0 : - 0 . ,22 - 0 . 3 0 - 0 . 08 0 . 2 4 0 . 2 0 0 . 04 - 0 . ,06 0 . 0 0 0 . 0 6 0 . 0 8 0, ,10 - 0 . 0 21 6 5 : - 0 . ,17 - 0 . 2 3 - 0 . 06 0 . 19 0 . 15 0 . 04 - 0 . ,04 - 0 . 0 1 0 .04 0 . 0 7 0. ,09 - 0 . 0 21 7 0 : - 0 . ,11 - 0 . 1 7 - 0 . 05 0 . 1 3 0 . 1 0 0 . 03 - 0 . ,04 - 0 . 0 0 0 . 0 3 0 . 0 6 0. ,07 - 0 .0 11 7 5 : - 0 . ,06 - 0 . 1 2 - 0 . 06 0 . 0 7 0 . 0 7 - 0 . 01 - 0 . ,04 0 . 0 1 0 . 0 6 0 . 0 5 0, ,04 0 .0 11 8 0 : - 0 . ,02 - 0 . 09 - 0 . 08 - 0 . 0 0 0 . 0 5 - 0 . 06 - 0 . ,06 0 . 0 4 0 . 1 0 0 .0 4 0 , 00 0 . 0 3
273
Appendix E / ndcntation stress fields
S p e c i m e n / I n d e n t  N o . :  G31 , S w a i n  & H ag a n  
R o t a t i o n  ( d e g ) : 10
p h i 111 - 111 -1-- 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01. -1 1--10 101 O i l -110 1 0 - 1 O i l
0: 0 . 0 5 - 0 . 0 1 - 0 , ,06 - 0 . 0 8 0 . 0 2 - 0 . 10 - 0 . 0 3 0 . 0 6 0 . 0 9 - 0 . 0 0 - 0  . 07 0 . 0 75: 0 . 0 6 0 . 0 4 - 0 . 02 - 0 . 1 0 - 0 . 0 1 - 0 . 09 0 . 0 1 0 . 0 7 0 . 0 6 - 0 . 05 - 0 . 10 0 . 0 51 0 : 0 .0 8 0 . 0 8 - 0 . ,00 - 0 . 1 3 - 0 . 0 3 - 0 . 10 0 . 0 4 0 . 09 0 . 0 5 - 0 . 09 - 0 . 14 0 . 0 51 5 : 0 .1 0 0 -11 0 .,01 - 0 . 1 7 - 0 . 0 4 - 0 . 13 0 . 0 7 0 . 1 3 0 . 0 6 - 0 . 14 - 0 . 20 0 . 0 62 0 : 0 .1 1 0 . 1 2 0. 00 - 0 . 2 1 - 0 . 0 3 - 0 . 18 0 . 0 8 0 . 1 7 0 . 0 9 - 0 . 18 - 0 . 26 0 . 0 82 5 : 0 .1 2 0 . 11 - 0 . ,01 - 0 . 2 5 - 0 . 0 1 - 0 . 24 0 . 0 9 0 . 2 2 0 .14 - 0 . 2 1 - 0 . 33 0 . 113 0 : 0 .1 2 0 . 0 8 - 0 . ,04 - 0 . 28 0 . 0 3 - 0 . 31 0 . 0 8 0 . 2 8 0 . 2 0 - 0 . 2 4 - 0 . 39 0 . 1535  : 0,.1 1 0 . 0 4 - 0  . 07 - 0 . 3 1 0 . 0 7 - 0 . 38 0 . 0 7 0 . 34 0 . 2 7 - 0 . 2 7 - 0  . 45 0 . 1 94 0 : 0,.0 9 - 0 . 0 1 - 0 . 11 - 0 . 3 3 0 . 1 3 - 0 . 45 0 .05. 0 . 3 9 0 .34 - 0 . 2 8 - 0 . 51 0 . 2 24 5 : 0 .0 7 - 0 . 0 7 - 0 . 14 - 0 . 3 3 0 . 1 9 - 0 . 52 0 .0 4 0 . 4 4 0 . 4 0 - 0 . 30 - 0 . 55 0 . 2 65 0 : 0,.0 3 - 0 . 14 - 0 . 17 - 0 . 32 0 . 2 6 - 0 . 58 0 . 02 0 . 4 8 0 . 4 6 - 0 . 31 - 0 . 59 0 . 2 855 : - 0 , .0 2 - 0 . 2 1 - 0 . 19 - 0 . 30 0 . 3 2 - 0 . 62 0 .0 0 0 . 52 0 .51 - 0 . 33 - 0 . 63 0 . 3060 : - 0 , .07 - 0 . 2 8 — 0 . 21 - 0 . 2 8 0 . 3 8 - 0 . 66 - 0 .0 1 0 . 55 0 . 5 6 - 0 . 34 - 0 . 65 0 . 3 165 : - 0 . .1 3 - 0 . 35 — 0 . 22 —0 , 24 0 . 4 5 - 0 . 69 - 0 , .0 2 0 . 57 . 0 . 5 9 - 0 . 35 - 0  . 67 0 . 3 27 0 : - 0 , .18 - 0 . 41 - 0 . 23 - 0 . 21 0 , 5 1 - 0 . 72 - 0 .0 2 0 . 60 0 . 62 - 0 . 37 - 0 . 70 0 . 3 37 5 : - 0 , .24 - 0 . 4 8 - 0 . 24 - 0 . 18 0 . 5 7 - 0 . 76 - 0 . 02 0 . 64 0 . 6 6 - 0 . 40 - 0  . 73 0 . 3480 : - 0 . .30 - 0 . 5 6 — 0 . 26 - 0 . 17 0 . 66 - 0 . 82 - 0 , . 0 3 0 . 7 0 0 . 7 3 - 0 . 4 4 - 0  „79 0 . 368 5 : - 0 , .38 - 0 . 68 - 0 . 30 - 0 . 17 0 . 7 9 - 0  . 96 - 0 .0 3 0 . 8 1 0 . 8 5 - 0 . 51 - 0 . 92 0 .4 190 : - 0 , .52 - 0 . 8 6 - 0  . 34 - 0 . 2 0 1 . 0 3 - 1 . 23 0,.01 1 . 07 1 . 0 6 - 0 . 73 - 1 . 24 0 . 5195 : - 0 , .9 6 - 1 . 0 5 - 0  . 09 - 0 . 1 1 1 . 4 4 - 1 . 55 0 ,. 41 1 . 57 1 . 1 5 - 1 . 4 8 - 1 . 96 0 . 4 81 0 0 : - 2 , .07 - 1 . 53 0 . 54 0 . 8 5 2 . 0 2 - 1 . 17 0,.94 1 . 61 0 . 68 - 2 . 15 - 2 . 10 - 0 . 0 51 0 5 : - 1 . .20 - 1 . 53 - 0 . 34 0 . 1 9 1 . 7 2 - 1 . 53 0,.0 7 1 . 42 1 . 3 5 - 1 . 08 - 1 . 60 0 . 521 1 0 : - 0 , .44 - 0 . 8 4 -"0. 40 - 0 . 2 7 0 . 99 - 1 . 26 - 0 , .04 1 .0 7 1 .1 1 - 0 . 67 - 1 . 22 0 . 5 51 1 5 : - 0 , .21 - 0 . 55 - 0 . 34 - 0 . 33 0 . 68 - 1 . 01 - 0 , .0 5 0 . 8 3 0 . 8 8 - 0 . 4 9 - 0  . 96 0 . 4 71 2 0 : - 0 , .12 - 0 . 4 5 - 0 . 33 - 0 . 32 0 . 5 5 - 0 . 87 - 0 , .08 0 . 69 0 . 77 - 0 . 37 - 0 . 79 0 . 4 31 2 5 : - 0 , .07 - 0 . 41 - 0 . 34 - 0 . 31 0 . 48 - 0 . 80 - 0 , .12 0 . 61 0 . 7 3 - 0 . 27 - 0 . 68 0 .4 11 3 0 : - 0 . .04 - 0 . 4 0 —0 . 36 - 0 . 30 0 . 4 4 - 0 . 74 - 0  ,. 1 6 0 . 54 0 . 7 0 - 0 . 18 - 0  . 58 0 . 4 01 3 5 : - 0 , .02 - 0 . 3 9 - 0  . 37 - 0 .2 8 0 . 4 0 - d . 68 - 0 , .1 9 0 . 4 8 0 . 6 7 - 0 . 11 - 0 . 49 0 . 381 4 0 : - 0 , .00 - 0 . 38 - 0 . 37 - 0 . 2 6 0 . 3 7 - 0 . 63 - 0 . .22 0 . 4 1 0 . 6 3 - 0 . 0 4 - 0 . 41 0 . 371 4 5 : 0,.00 - 0 . 3 6 - 0 . 37 —0 . 2 2 0 . 3 3 - 0 . 56 - 0 , . 2 3 0 . 35 0 . 59 0 . 0 1 - 0 . 32 0 .3 41 5 0 : 0. .01 - 0 . 3 4 - 0 . 34 - 0 . 1 9 0 . 3 0 - 0 . 48 - 0  ,. 24 0 . 29 0 . 5 2 0 . 0 5 - 0 . 25 0 . 301 5 5 : 0, .01 - 0 . 3 0 - 0 . 31 - 0 . 15 0 . 2 5 - 0  . 40 —0 ,, 22 0 . 2 3 0 . 45 0 . 08 - 0 . 18 0 . 2 61 6 0 : 0. .01 - 0 . 2 5 - 0 . 26 - 0 . 1 2 0 . 2 0 - 0  . 33 - 0 , . 20 0 .1 7 0 . 3 7 0 . 0 9 - 0 . 13 0 . 2 21 6 5 : 0, .01 - 0 . 2 0 - 0 . 21 - 0 . 0 9 0 . 1 6 - 0 . 25 - 0 , .1 6 0 . 1 3 0 . 2 9 0 . 08 - 0 . 09 0 .1 71 7 0 : 0. .02 - 0 . 1 4 - 0 . 16 - 0 .0 8 0 . 1 1 - 0 . 18 - 0 , .12 0 . 0 9 0 . 2 1 0 . 0 7 - 0 . 06 0 . 1 31 7 5 : 0, .03 - 0 . 0 7 - 0  . 11 - 0 . 0 7 0 . 0 6 - 0 . 13 - 0  ,. 08 0 . 0 7 0 . 1 5 0 . 0 4 - 0  . 06 0 . 0 91 8 0 : 0, .05 - 0 . 0 1 - 0 . 06 - 0 . 08 0 . 02 - 0 . 10 - 0 . .0 3 0 . 0 6 0 . 0 9 - 0 . 0 0 - 0 . 07 0 . 0 7
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Appendix F Residual indentation stress fields
J  1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = 0
111 111 -1-- 1 1 1 - ■11
1--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l . 110 101-1 O i l
0 : - 0 , .05 0 . 40 0 . 45 0 . 2 7 - 0 . 4 2 0 . 69 0,.2 2 - 0 . 4 5 - 0 . 6 7 0 . 0 0 0 . 47 - 0 . 47
15 : 0,.12 0 . 56 0 . 43 0 . 0 9 - 0 . 5 0 0 . 60 0,.34 - 0 . 31 - 0 . 6 5 - 0 . 12 0 . 26 - 0 . 3 8
3 0 : 0,.32 0 . 61 0 . 29 - 0 . 14 - 0 . 5 0 0 . 35 0,. 3 3 - 0 . 14 - 0 .4 7 - 0 . 15 0 . 02 - 0 . 17
4 5 : 0, .49 0 . 55 0 . 06 - 0 . 3 8 - 0 . 4 0 0 . 02 0 . 2 0 0 . 0 3 - 0 . 1 7 - 0 . 08 - 0  . 18 0 . 10
60 : 0, .59 0 . 39 - 0 . 21 - 0 . 55 - 0 . 2 4 - 0 . 31 - 0  ,. 02 0 . 1 4 0 . 1 6 0 . 0 7 - 0 . 29 0 . 3 6
7 5 : 0. .59 0 . 17 - 0 . 43 - 0 . 61 - 0 . 0 6 - 0 . 55 - 0 , .28 0 . 1 6 0 . 4 4 0 . 2 6 - 0 . 27 0 . 54
9 0 : 0, .49 - 0  . 05 - 0 . 54 - 0 . 5 4 0 . 1 0 - 0 . 64 - 0 . .4 9 0 . 1 0 0 . 5 9 0 . 45 - 0 . 14 0 . 59
1 0 5 : 0. .32 - 0 . 21 - 0 . 53 - 0 . 3 7 0 . 1 8 - 0 . 55 - 0  ,. 6 2 - 0 . 0 4 0 .5 7 0 . 57 0 . 07 0 . 50
1 2 0 : 0,.12 - 0 . 26 - 0 . 38 - 0 . 1 3 0 . 1 7 - 0 . 30 - 0 , .61 - 0 . 2 2 0 . 3 9 0 . 60 0 . 31 0 . 2 91 3 5 : - 0 , .05 - 0  . 20 - 0  . 15 0 . 11 0 . 0 7 0 . 03 - 0 . 4 8 - 0 . 38 0 . 0 9 0 . 53 0 . 51 0 . 0 2
1 5 0 : - 0 , .15 - 0 . 04 0 . 11 0 . 2 8 - 0 . 0 9 0 . 36 - 0 . 2 5 - 0 . 4 9 - 0 .2 4 0 . 38 0 . 62 - 0 . 2 4
1 6 5 : - 0 , .15 0 . 18 0 . 33 0 . 34 - 0 . 2 7 0 . 60 0 . 0 0 - 0 . 52 - 0 .5 2 0 . 1 9 0 . 60 - 0 . 4 2
1 8 0 : - 0  ,. 05 0 . 40 0 . 45 0 . 27 - 0 . 4 2 0 . 69 0 .22 - 0 . 4 5 - 0 .6 7 0 . 0 0 0 . 47 - 0 . 47
J  1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = T e n s i l e
111 111 - 1 - 1 1 1-■11
1--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
0: - 0 , .10 0 . 06 0 . 16 0 . 14 - 0 . 0 7 0 . 21 0,.12 - 0 . 0 8 - 0 . 2 0 - 0 . 0 9 0 . 09 - 0 . 1 7
15 : 0 .07 0 . 22 0 . 15 - 0 . 0 4 - 0 . 1 6 0 . 12 0 ,. 24 0 . 0 6 - 0 . 1 8 - 0 . 2 1 - 0 . 13 - 0 . 0 830 : 0,.27 0 . 27 0 . 00 - 0 . 27 - 0 . 1 5 - 0 . 13 0 ,. 24 0 . 2 4 0 . 0 0 - 0 . 2 4 - 0 . 36 0 . 1 245 : 0,.44 0 . 21 - 0 . 23 - 0 . 5 1 - 0 . 0 5 - 0 . 46 0 ,. 11 0 . 4 1 0 . 3 0 - 0 . 1 7 - 0 . 56 0 . 3 9
60 : 0,.54 0 . 05 - 0 . 50 - 0 . 68 0 . 1 1 - 0  . 79 - 0  ,. 12 0 . 52 0 . 63 - 0 . 02 - 0 . 67 0 . 657 5 : 0,.54 - 0 . 17 - 0 . 71 - 0 . 7 4 0 . 2 9 - 1 . 03 - 0  ,. 37 0 . 54 0 . 91 0 . 17 - 0 . 66 0 . 8 3
90 : 0,.44 - 0 . 39 - 0 . 83 - 0 . 67 0 . 4 5 - 1 . 12 - 0  ,. 59 0 . 4 7 1 . 0 6 0 . 36 - 0 . 53 0 . 8 9
1 0 5 : 0 .27 - 0 . 55 - 0 . 82 - 0 . 5 0 0 . 5 3 - 1 . 03 - 0 , .71 0 . 33 1 , 0 5 0 . 4 8 - 0 . 32 0 . 8 0
1 2 0 : 0 .07 - 0 . 60 - 0 . 67 - 0 . 2 6 0 . 5 2 - 0 . 78 - 0 , .71 0 . 1 6 0 . 8 6 0 . 51 - 0 . 08 0 . 591 3 5 : - 0 .10 - 0 . 54 - 0 . 44 - 0 . 0 3 0 .4 2 - 0 . 45 - 0 , . 57 - 0 . 0 1 0 . 5 7 0 .4 4 0 . 12 0 . 32
1 5 0 : - 0 , .20 - 0 . 38 - 0 . 18 0 . 14 0 . 2 6 - 0 . 12 - 0 , .3 5 - 0 . 12 0 . 2 3 0 . 29 0 . 23 0 . 0 6
1 6 5 : - 0 , .20 - 0 . 16 0 . 04 0 . 2 0 0 . 0 8 0 . 12 - 0 , .0 9 - 0 . 1 4 - 0 . 0 5 0 . 1 0 0 , 22 - 0 . 12
1 8 0 : - 0 , .10 0 . 06 0 . 16 0 . 1 4 - 0 . 0 7 0 . 21 0 ,. 12 - 0 . 0 8 - 0 . 2 0 - 0 . 0 9 0 . 09 - 0 . 17
J  1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 111 - 1 - 1 1 1-■11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
0 : 0, ,00 0 . 74 0 . 74 0 . 40 - 0 .7 7 1 . 17 0 . 31 - 0 . 8 3 - 1 .14 0 . 0 9 0 . 86 - 0 . 7 7
1 5 : 0, .18 0 . 90 0 . 72 0 . 2 3 - 0 . 8 5 1 . 08 0 ,4 3 - 0 . 69 - 1 . 1 2 - 0 . 0 3 0 . 65 - 0 . 68
30 : 0, ,37 0 . 95 0 . 58 - 0 . 0 1 - 0 . 8 5 0 . 84 0 ,4 3 - 0 . 5 1 - 0 .94 - 0 . 0 6 0 . 41 - 0 . 4 7
4 5 : 0 , 55 0 . 89 0 . 34 - 0 . 2 5 - 0 . 7 5 0 . 50 0.,30 - 0 . 35 - 0 .6 4 0 . 0 1 0 . 21 - 0 . 2 0
60 : 0 , 65 0 . 73 0 . 08 - 0 . 42 - 0 . 5 9 0 . 17 0 ,07 - 0 . 2 4 - 0 .31 0 . 1 6 0 . 10 0 . 0 67 5 : 0 , 65 0 . 51 - 0  . 14 - 0 . 48 - 0 .4 1 - 0 . 07 - 0 . . 18 - 0 . 2 1 - 0 . 0 3 0 . 35 0 . 11 0 . 2 4
90 : 0 , 55 0 . 29 —0 . 26 - 0 . 41 - 0 . 2 5 - 0 . 16 - 0 . .4 0 - 0 . 28 0 . 1 2 0 . 54 0 . 24 0 . 2 9
1 0 5 : 0,,37 0 . 13 - 0 . 24 - 0 . 2 3 - 0 .1 7 - 0 . 06 - 0 .5 2 - 0 . 4 2 0 .1 0 0 . 66 0. 46 0 . 2 0
1 2 0 : 0,. 17 0 . 08 - 0 . 10 0 . 00 - 0 . 1 8 0 . 18 - 0 .5 2 - 0 . 60 - 0 .0 8 0 . 69 0 . 70 - 0 . 00
1 3 5 : 0,.00 0 . 14 0 . 14 0 . 2 4 - 0 . 2 8 0 . 51 - 0 . 38 - 0 . 7 6 - 0 . 3 8 0 . 62 0 . 89 - 0 . 2 7
1 5 0 : - 0 .10 0 . 30 0 . 40 0 . 41 - 0 .44 0 . 84 - 0 .1 6 - 0 . 87 - 0 .71 0 . 47 1 . 00 - 0 . 531 6 5 : - 0 , ,10 0 . 52 0 . 62 0 . 4 7 - 0 . 6 2 1 . 08 0 . 10 - 0 . 90 - 0 . 99 0 . 2 8 0 . 99 - 0 . 7 1
1 8 0 : 0,.00 0 . 74 0 . 74 0 . 4 0 - 0 .7 7 1 . 17 0 . 31 - 0 . 8 3 - 1 .14 0 . 0 9 0 . 86 - 0 . 77
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J  11
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = 0
111 - 1 1 1 - 1 - -11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 101 O i l -110 1 0 - 1 O i l
0: 0 .3 7 0 . 62 0,.2 5 - 0 . . 18 - 0 , ,41 0,. 2 3 0 .3 1 - 0 . ,13 - 0 , ,44 - 0 , .1 2 - 0 .0 8 - 0 , ,041 5 : 0 .5 2 0 . 55 0,.0 3 - 0 . . 4 5 - 0 . ,36 - 0 , . 0 9 0 .11 0, .01 - 0 . ,10 - 0  , 04 - 0 .2 0 0,, 1630 : 0 .6 0 0 .37 - 0 . .23 - 0 , . 63 - 0 . ,25 - 0 , . 3 8 - 0 .14 0. , 13 0 ,. 2 6 0,, 11 - 0 .24 0,,3445 : 0 .5 7 0.. 11 - 0  ,. 4 6 - 0 . , 66 - 0 , ,12 - 0  ,. 54 - 0 .37 0 ., 18 0 ,. 55 0,,2 8 - 0 .1 7 0,, 4560 : 0 .4 6 - 0 , . 14 - 0 , . 60 - 0  , 54 0, ,00 - 0 , . 54 - 0 .5 2 0. 16 0 , 68 0 , 44 - 0 .0 2 0,,467 5 : 0 .2 8 - 0 , . 3 3 - 0 . . 61 - 0 , ,3 0 0, ,08 - 0 , . 3 8 - 0 . 5 5 0. , 08 0 , 53 0,, 53 0 , 17 0,,3690 : 0 .0 9 - 0  ,. 3 9 - 0 , .49 - 0 , ,01 0, ,10 - 0 , . 10 - 0 . 4 6 - 0 . , 05 0. ,40 0 , 54 0 .3 5 0,,191 0 5 ; - 0 .0 6 - 0 , . 33 - 0 .27 0,,27 0. ,04 0.. 2 2 - 0 . 2 6 - 0 . ,19 0, ,06 0 , 4 6 0 .48 - 0 , ,011 2 0 : - 0 .1 3 - 0 , .1 4 - 0  ,. 01 0,, 44 - 0 . ,07 0,. 51 - 0 .01 - 0 . ,30 - 0 . ,30 0,, 32 0 .51 - 0 , ,201 3 5 : - 0 .11 0,. 11 0,,22 0,, 47 - 0 . ,20 0 ,. 67 0 . 2 3 - 0  ,, 36 - 0  ., 59 0 , 14 0 . 4 5 - 0 . , 301 5 0 : 0 .01 0,. 36 0 , 35 0., 3 6 - 0 . ,32 0.. 68 0 .3 8 - 0 . , 34 - 0  , 72 - 0  , 01 0 .30 - 0 , , 311 6 5 : 0 .18 0,. 5 5 0.,37 0.,12 - 0 . ,40 0,. 52 0 .41 - 0 . 26 - 0  ., 67 - 0 , , 11 0 .11 - 0 . ,221 8 0 : 0 .37 0 ,. 62 0 , 25 - 0 . .1 8 - 0 , ,41 0 , 2 3 0 . 31 - 0 . 13 - 0  , 44 - 0  , 12 - 0 .08 - 0 , ,04
J  11 r = 2 a
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = T e n s i l e
111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 IC1-1 O i l
0 : 0 . 0 3 0 . 15 0 . 13 - 0 . 02 - 0 . 0 7 0 . 05 0,.13 - 0 .0 1 - 0 . 1 3 - 0 . 12 - 0 . 08 - 0 . 0 415 : 0 .1 8 0 . 0 9 - 0 . 09 - 0 . 2 9 - 0 . 0 2 —0 . 28 - 0 , ,07 0 . 1 3 0 . 2 1 - 0 . 04 - 0 . 20 0 . 1 630 : 0 . 2 5 - 0 . 1 0 - 0 . 35 - 0 . 4 7 0 . 0 9 - 0  . 56 - 0 , .32 0 . 2 5 0 . 5 7 0 .1 1 - 0 . 24 0 . 3 445 : 0 . 2 3 - 0 . 3 5 —0 . 58 - 0 . 5 0 0 . 2 2 - 0 . 73 - 0 , .55 0 . 3 0 0 . 8 5 0 . 2 8 - 0 . 17 0 . 4560 : 0 .1 1 - 0 . 60 - 0  . 72 - 0 . 38 0 . 3 5 - 0 . 73 - 0 , ,71 0 . 2 8 0 . 99 0 . 44 - 0 . 02 0 . 4675 : - 0 . 0 6 - 0 . 7 9 - 0 . 73 - 0 . 1 4 0 . 4 2 - 0 . 57 - 0 , ,74 0 . 2 0 0 . 9 3 0 . 53 0 , 17 0 . 3 69 0 : - 0 . 2 5 - 0 . 8 6 - 0 . 61 0 . 1 5 0 . 44 - 0 . 29 - 0 , , 64 0 . 07 0 . 71 0 . 54 0 . 35 0 . 1 91 0 5 : - 0 .40 - 0 . 7 9 - 0 . 39 0 . 42 0 . 3 9 0 . 04 - 0 , ,44 - 0 . 07 0 . 3 7 0 . 4 6 0 . 48 - 0 . 011 2 0 : - 0 .47 - 0 . 61 - 0 . 13 0 . 60 0 . 2 8 0 . 32 - 0 . ,19 - 0 . 1 8 0 .0 1 0 . 3 2 0 . 51 - 0 . 2 01 3 5 : - 0 , . 4 5 - 0 . 3 5 0 . 10 0 . 63 0 .1 4 0 . 49 0 , 04 - 0 .2 4 - 0 .2 8 0 . 14 0 . 45 - 0 . 3 01 5 0 : - 0 . 3 3 - 0 . 1 0 0 . 23 0 . 51 0 . 0 2 0 . 49 0,,19 - 0 . 2 2 - 0 .4 1 - 0 . 01 0 . 30 - 0 . 311 6 5 : - 0 . 1 6 0 . 0 9 0 . 24 0 . 2 7 - 0 . 0 6 0 . 33 0,.22 - 0 . 1 3 - 0 . 3 6 - 0 . 11 0 . 11 - 0 . 2 21 8 0 : 0 .0 3 0 . 1 5 0 . 13 - 0 . 0 2 - 0 . 0 7 0 . 05 0,,13 - 0 . 01 - 0 . 1 3 - 0 . 12 - 0 . 08 - 0 .0 4
J  11
S w a i n  & H a g a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = - 2 0  U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 111 - 1 - 1 1 1-■111--10 1 0 - 1 01 - 1 110 101 01, - l 1--10 101 O i l 110 IG1-1 O i l
0: 0..7 2 1 . 0 8 0 . 37 - 0 . 34 - 0 . 7 6 0 . 42 0,,50 - 0 . 25 - 0 .7 4 - 0 . 12 - 0 . 08 - 0 . 0 41 5 : 0 .8 7 1 . 0 1 0 . 15 - 0 . 61 - 0 . 7 0 0 . 09 0,.30 - 0 . 11 - 0 . 40 - 0 .0 4 - 0 . 20 0 . 1 630 : 0 .94 0 . 83 - 0 . 11 - 0 . 7 9 - 0 ..60 - 0 . 19 0,.0 5 0 . 0 0 - 0 .0 4 0 ., 11 - 0 . 24 0 .3 445 : 0 .9 2 0 . 58 - 0 . 34 - 0 . 8 2 - 0 . 4 6 - 0  . 36 - 0 , ,18 0 . 0 6 0 .2 4 0 . 2 8 - 0 . 17 0 . 4 560 : 0 .8 0 0 . 32 - 0 . 48 - 0 . 70 - 0 . 3 4 - 0  . 36 - 0 , ,34 0 .0 4 0 .3 8 0 . 44 - 0  . 02 0 . 4 675 : 0 . 63 0 . 14 - 0 . 49 - 0 . 4 6 - 0 . 2 6 - 0  . 20 - 0 , ,37 - 0 .0 4 0 . 3 2 0 . 53 0 . 17 0 . 3 690 : 0 .44 0 . 07 - 0 . 37 - 0 . 16 - 0 . 2 5 0 . 08 - 0  , 27 - 0 . 1 7 0 . 1 0 0 . 54 0 . 35 0 . 1 91 0 5 : 0 .2 9 0 . 14 - 0 . 15 0 . 11 - 0 . 3 0 0 . 41 - 0  , 07 - 0 . 3 1 - 0 .2 4 0 . 4 6 0 . 48 - 0 . 0 11 2 0 : 0 .21 0 . 3 2 0 . 11 0 . 2 8 - 0 . 4 1 0 . 69 0,,18 - 0 . 43 - 0 . 6 0 0 . 32 0 . 51 - 0 . 2 01 3 5 : 0,.24 0 . 57 0 . 34 0 . 32 - 0 . 5 4 0 . 86 0,,41 - 0 . 48 - 0 . 8 9 0 . 1 4 0 . 45 - 0 . 3 01 5 0 : 0,.3 5 0 . 8 3 0 . 47 0 . 2 0 - 0 . 6 6 0 . 86 0.,56 - 0 . 4 6 - 1 .0 2 - 0 .0 1 0 . 30 - 0 .3 11 6 5 : 0,.5 3 1 . 0 1 0 . 49 - 0 . 04 - 0 . 7 4 0 . 70 0,,60 - 0 . 38 - 0 . 97 - 0 . 1 1 0 . 11 - 0 . 2 21 8 0 : 0,.72 1 . 0 8 0 . 37 - 0 . 34 - 0 . 7 6 0 . 42 0,,50 - 0 . 2 5 - 0 .74 - 0 . 12 - 0  . 08 - 0 .0 4
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J  21
S w a i n  & H a g a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  ( d e g )  = - 5  U n i a x i a l  s t r e s s  = 0
111 111 - 1 - 1 1 1-■11
1--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 IC1-1 O i l
0 : 0. .51 0 . 52 0 . 01 - 0 . 5 0 - 0 . 4 5 - 0 . 05 0..10 0 . 0 8 - 0 . 0 2 - 0 . 0 9 - 0 . 15 0 . 0 6
1 5 : 0. .59 0 . 31 - 0 . 28 - 0 . 62 - 0 . 2 8 - 0 . 34 - 0 , .12 0 . 2 0 0 .3 2 0 . 0 8 - 0 . 22 0 . 30
3 0 : 0,.57 ,0. 06 - 0 . 51 - 0 . 63 - 0 . 1 0 - 0 . 53 - 0  ,. 34 0 . 2 3 0 .5 6 0 . 2 8 - 0 . 19 0 . 4 745 : 0,.46 - 0 . 16 - 0 . 62 - 0 . 50 0 . 0 6 “ 0 . 56 - 0 , .51 0 . 1 5 0 .6 6 0 . 4 7 “ 0 . 05 0 . 5260 : 0..29 - 0 . 29 - 0 . 58 - 0 . 2 8 0 . 1 5 - 0 . 43 - 0 , . 58 - 0 . 0 0 0 .5 7 0 . 58 0 . 15 0 . 44
75 : 0..09 —0 . 31 - 0 . 40 - 0 . 0 3 0 . 1 5 - 0 . 17 - 0 , .5 3 - 0 . 2 0 0 . 3 3 0 . 60 0 . 36 0 . 2 4
90 : - 0 , .07 - 0 . 19 - 0 . 13 0 . 2 0 0 . 0 5 0 . 14 - 0 . .3 8 - 0 . 3 9 - 0 .0 0 0 . 51 0 . 53 - 0 , 0 2
1 0 5 : - 0 , .1 5 0 . 01 0 . 17 0 . 3 2 - 0 . 1 1 0 . 44 “ 0,.1 7 - 0 . 5 1 - 0 .3 4 0 . 3 4 0 . 61 - 0 . 2 6
1 2 0 : - 0 , .14 0 . 26 0 . 40 0 . 33 - 0 . 3 0 0 . 62 0,. 0 5 - 0 . 54 - 0 .5 9 0 . 14 0 . 57 - 0 . 43
1 3 5 : - 0 . .0 2 0 . 48 0 . 51 0 . 2 0 - 0 . 4 6 0 . 66 0,. 22 -0 . 4 6 - 0 .6 8 - 0 . 0 5 0 . 44 - 0 . 48
1 5 0 : 0..1 5 0 , 62 0 . 47 - 0 . 0 2 - 0 . 5 5 0 . 53 0,. 2 9 -0 . 31 - 0 .6 0 - 0 . 1 6 0 . 23 - 0 . 4 0
1 6 5 ; 0..3 5 0 . 63 0 . 28 - 0 . 2 7 - 0 . 5 4 0 . 27 0,. 2 5 - 0 . 1 1 - 0 . 3 6 - 0 . 1 8 0 . 02 - 0 . 2 01 8 0 : 0,.51 0 . 52 0 . 01 - 0 . 50 - 0 . 4 5 - 0 . 05 0,.1 0 0 . 0 8 - 0 .0 2 - 0 . 0 9 - 0 . 15 0 . 06
J  21
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = - 5  U n i a x i a l  s t r e s s  = T e n s i l e
111 111 - 1 - 1 1 1-■11
1--10 1 0 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 IC1-1 O i l
0 : 0 ,. 08 0 . 1 0 0 . 03 - 0 . 1 0 - 0 . 0 7 - 0 . 03 0 . 09 0 . 0 8 - 0 . 00 - 0 . 11 - 0 . 12 0 . 01
1 5 : 0 ,. 16 - 0 . 1 1 —0 . 27 - 0 . 2 3 0 . 1 0 - 0 . 33 - 0 , . 13 0 . 2 1 0 .3 3 0 . 0 6 - 0 . 20 0 . 2 63 0 : 0 ,. 14 - 0 . 3 5 - 0 . 50 - 0 . 2 3 0 . 2 8 - 0 . 51 - 0 , .35 0 . 23 0 . 5 8 0 . 2 6 - 0 . 16 0 . 4 34 5 : 0 ,. 03 - 0 . 5 7 - 0 . 61 - 0 . 1 0 0 . 4 4 - 0 . 55 - 0  ,. 52 0 . 1 6 0 . 6 8 0 . 45 — 0 . 03 0 . 47
60 : - 0 , .14 - 0 . 7 1 - 0 . 57 0 . 1 2 0 . 5 3 - 0 . 42 - 0 , . 59 0 . 00 0 . 5 9 0 . 5 6 0 . 17 0 . 3 9
7 5 : - 0  ,. 34 - 0 . 7 2 - 0 . 38 0 . 3 7 0 . 5 3 - 0 . 16 - 0 . .54 - 0 . 1 9 0 . 3 5 0 . 58 0 . 39 0 . 19
90 : - 0  ,. 50 - 0 . 6 1 - 0 . 11 0 . 5 9 0 . 4 3 0 . 16 - 0  ,. 3 9 - 0 . 3 8 0 . 0 2 0 . 4 9 0 . 55 - 0 . 07
1 0 5 : - 0 , .58 - 0 . 40 0 . 18 0 . 7 2 0 . 2 7 0 . 45 - 0  ,. 18 - 0 . 50 - 0 . 3 2 0 . 32 0 . 63 - 0 . 31
1 2 0 : - 0 . .56 - 0 . 1 5 0 . 41 0 . 72 0 . 0 8 0 . 64 0 ,. 04 - 0 . 53 - 0 . 57 0 . 12 0 . 60 - 0 . 481 3 5 : - 0 .45 0 . 0 7 0 . 52 0 . 60 - 0 . 0 8 0 . 67 0 ,. 21 - 0 . 4 5 - 0 . 66 - 0 . 07 0 . 46 - 0 . 531 5 0 : - 0 , .28 0 . 2 0 0 . 48 0 . 38 - 0 .1 7 0 . 54 0 .28 -0 . 30 - 0 . 5 8 - 0 . 1 8 0 . 26 - 0 . 44
1 6 5 : - 0 . .08 0 . 2 2 0 . 30 0 . 12 - 0 . 1 6 0 . 28 0 .24 - 0 . 10 - 0 .34 - 0 . 2 0 0 . 05 - 0 . 2 5
1 8 0 : 0..08 0 . 10 0 . 03 - 0 . 10 - 0 . 0 7 - 0 . 03 0 .0 9 0 . 0 8 - 0 . 0 0 - 0 . 1 1 - 0 . 12 0 . 0 1
J  21
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d e g )  = - 5  U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 111 - 1 - 1 1 1- ■11
1--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
0: 0 . 9 3 0 . 93 - 0 . 00 - 0 . 8 9 - 0 . 8 3 - 0 . 06 0 .11 0 . 0 7 - 0 .04 - 0 . 0 7 - 0 . 17 0 . 11
15 : 1 . 0 2 0 . 72 - 0 . 29 - 1 . 02 - 0 . 67 - 0 . 36 - 0 .11 0 .1 9 0 .3 0 0 . 10 - 0 . 25 0 . 35
3 0 : 1 ,. 00 0 . 48 - 0 . 52 - 1 . 0 2 - 0 . 4 8 - 0 . 54 - 0 . 3 3 0 . 22 0 . 5 5 0 . 31 - 0 . 21 0 . 52
45 : 0 . 8 9 0 . 26 - 0 . 63 - 0 . 90 - 0 .3 2 - 0 . 58 - 0 .5 0 0 . 1 4 0 . 64 0 , 4 9 - 0 , 08 0 . 5 760 : 0 .71 0 . 12 - 0 . 59 - 0 . 68 - 0 . 2 3 - 0  . 45 - 0 . 5 7 - 0 . 0 1 0 . 5 6 0 . 61 0 . 12 0 . 487 5 : 0 .52 0 . 11 - 0 . 41 - 0 . 4 2 - 0 . 2 3 - 0  . 19 - 0 . 52 - 0 .2 1 0 ,31 0 . 62 0 , 34 0 . 2 9
90 : 0 .36 0 . 22 - 0 . 14 - 0 . 2 0 - 0 . 3 3 0 . 13 - 0 .3 7 - 0 . 39 - 0 .0 2 0 . 53 0 . 50 0 . 0 31 0 5 : 0 .2 8 0 . 43 0 . 15 - 0 . 07 - 0 . 4 9 0 . 42 - 0 . 1 6 - 0 . 52 - 0 . 3 6 0 . 37 .0 . 58 - 0 . 221 2 0 : 0 . 2 9 0 . 68 0 . 38 - 0 . 0 7 - 0 . 68 0 . 61 0 . 0 6 - 0 . 54 - 0 .61 0 . 1 6 0 . 55 - 0 . 39
1 3 5 : 0 . 4 0 0 . 90 0 . 49 - 0 . 2 0 - 0 .8 4 0 . 64 0 . 2 3 - 0 . 4 7 - 0 .7 0 - 0 . 0 2 0 . 41 - 0 . 4 3
1 5 0 : 0 . 5 8 1 . 03 0 , 45 - 0 . 42 - 0 . 9 3 0 . 51 0 .3 0 - 0 . 31 - 0 . 6 2 - 0 . 14 0 . 21 - 0 . 351 6 5 : 0 .7 7 1 . 05 0 . 27 - 0 . 67 - 0 . 9 2 0 . 25 0 . 2 6 - 0 . 1 2 - 0 .37 - 0 . 1 5 - 0 . 00 - 0 . 151 8 0 : 0 . 9 3 0 . 93 - 0 . 00 - 0 . 8 9 - 0 . 8 3 - 0  . 06 0 .1 1 0 . 07 - 0 .04 - 0 . 07 - 0 . 17 0 . 1 1
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J  29
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  (d eg)  = - 5  U n i a x i a l  s t r e s s  = 0
111 - 1 1 1 -1 -
]
-11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l • 110 1 0 - 1 O i l
0 : 0 .4 4 - 0 , .1 7 - 0 .6 1 - 0 . . 5 3 - 0 . .01 - 0 . .5 2 - 0 . 5 2 0 ,. 18 0,.6 9 0,. 4 3 - 0 .0 0 0 ,. 4 315 : 0 . 2 6 - 0 , . 3 5 - 0 . 6 2 - 0 , .27 0. .08 - 0 . .3 5 - 0 . 5 3 0. .09 0,.62 0,. 52 0 .18 0,.3430 : 0 .0 8 - 0 . . 41 - 0 .4 9 0. .0 3 0. .09 - 0 . .0 6 - 0 .4 2 - 0 . . 03 0,.38 0.. 52 0 . 3 5 0.. 1745 : - 0 .0 7 - 0 , .34 - 0 .2 7 0.. 30 0. .04 0.. 2 6 - 0 .2 1 - 0  ,. 17 0 ,. 04 0,. 44 0 . 47 - 0 , .0 360 : - 0 . 1 3 - 0 , . 14 - 0 .0 1 0.. 47 - 0  .. 06 0 . 5 3 0 .0 4 - 0  . 29 - 0  ,. 32 0 ,. 30 0,. 4 9 - 0 , .1 97 5 : - 0 .10 0. . 12 0,.22 0..48 - 0 . .19 0, .68 0 .2 6 - 0  ,. 34 - 0 , .60 0,. 1 3 0 .42 - 0  ,. 2990 : 0,.02 0 ,. 38 0 .3 5 0.. 3 5 - 0 . .32 0. . 66 0 . 3 9 - 0 . . 33 - 0 , .72 - 0 , .02 0 .2 7 - 0 , .291 0 5 : 0 .2 0 0..5 6 0 .3 6 0. .0 9 - 0 . .40 0, .4 9 0 .4 1 - 0  . 25 - 0 , . 65 - 0 , .11 0 .0 9 - 0 . .2 01 2 0 : 0 .3 9 0.. 62 0 .24 - 0 , .21 - 0 , .41 0. .21 0 .2 9 - 0 , .12 - 0 . .41 - 0 . .11 - 0 .0 9 - 0 . .031 3 5 : 0 .5 3 0., 55 0 .01 - 0  ,. 48 - 0 . .36 - 0 , . 12 0 . 0 8 0, . 02 - 0 . .07 - 0 , .0 3 - 0 .20 0,. 171 5 0 : 0,.6 0 0., 35 - 0 , .2 5 - 0 . . 64 - 0 . .26 - 0  ., 39 - 0 . 1 6 0 .. 13 0,.30 0..11 - 0 .22 0 ,. 341 6 5 : 0,.5 6 0.. 09 - 0 , . 47 - 0 . . 66 - 0  ., 13 - 0 . .5 3 - 0 .38 0. , 19 0..57 0..28 - 0 , .1 5 0.. 431 8 0 : 0,.44 - 0 . .17 - 0 , . 61 - 0 . .53 - 0 . ,01 - 0 . , 52 - 0 . 52 0. , 18 0..69 0..43 - 0 , .00 0., 43
J  29
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d eg )  = - 5  U n i a x i a l  s t r e s s  = T e n s i l e
111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 01. -1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
0: 0 . 0 5 - 0 . 0 9 - 0 . 14 -0 . 13 0 . 0 6 - 0 . 19 - 0 .1 4 0 . 09 0 .2 3 0 . 06 - 0 . 05 0 .111 5 : - 0 .1 3 - 0 . 2 8 - 0 . 15 0 . 1 2 0 . 14 - 0 . 02 - 0 . 1 5 0 . 00 0 .1 6 0 . 1 5 0 . 13 0 .0 13 0 : - 0 . 3 1 - 0 . 34 - 0 . 03 0 . 4 2 0 . 1 6 0 . 26 - 0 .0 4 - 0 . 12 - 0 . 0 8 0 . 1 5 0 . 30 - 0 . 1 54 5 : - 0 .4 6 - 0 . 2 6 0 . 19 0 . 69 0 . 1 1 0 . 59 0 .17 - 0 . 2 6 - 0 . 4 3 0 . 07 0 . 42 - 0 . 3560 : - 0 . 5 2 - 0 . 0 7 0 . 45 0 . 8 6 0 . 0 0 0 . 86 0 . 42 - 0 . 3 8 - 0 .7 9 - 0 .0 8 0 . 44 - 0 , 527 5 : - 0 .4 9 0 . 1 9 0 . 68 0 . 8 8 - 0 . 1 3 1 . 00 0 . 64 - 0 . 4 3 - 1 .0 7 - 0 . 2 5 0 . 37 - 0 . 6 290 : - 0 , .37 0 . 45 0 . 82 0 . 7 4 - 0 . 2 5 0 . 99 0 .77 - 0 . 42 - 1 . 1 9 - 0 . 4 0 0 . 22 - 0 . 621 0 5 : - 0 . 1 9 0 . 64 0 . 82 0 . 49 - 0 . 3 3 0 . 82 0 .78 - 0 . 34 - 1 .1 2 - 0 .4 8 0 . 04 - 0 . 521 2 0 : - 0 .0 0 0 . 7 0 0 . 70 0 . 1 8 - 0 . 3 5 0 . 53 0 .67 - 0 . 2 1 - 0 .8 8 - 0 . 4 9 - 0 , 14 - 0 . 351 3 5 : 0,. 14 0 . 6 2 0 . 48 - 0 . 0 9 - 0 . 3 0 0 . 21 0 . 4 6 - 0 . 0 7 - 0 . 5 3 - 0 .41 - 0 . 25 - 0 . 1 61 5 0 : 0,.21 0 .4 2 0 . 22 - 0 . 2 5 - 0 . 1 9 - 0 . 06 0,.21 0 . 04 - 0 . 1 7 - 0 . 2 6 - 0 . 27 0 . 0 11 6 5 : 0 .1 7 0 . 1 6 - 0 . 01 - 0 .2 7 - 0 . 0 6 - 0 . 21 - 0 .01 0 . 10 0 . 1 1 - 0 , 0 9 - 0 . 20 0 .111 8 0 : 0 ,. 05 - 0 . 0 9 - 0  . 14 - 0 . 13 0 . 0 6 - 0 . 19 - 0 , .14 0 . 0 9 0 . 2 3 0 . 0 6 - 0 . 05 0 . 11
J  29
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r"*2a R o t a t i o n  (d eg)  = - 5  U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 1 1 1 -1 - -11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1 -10 LOI O i l 110 1 0 - 1 O i l
0: 0,.8 3 - 0 . 2 4 - 1 .0 7 - 0  ,. 92 - 0 , .07 - 0 . 8 5 - 0 .8 9 0,.2 7 1 .1 6 0 . 81 0 .0 5 0,.7 61 5 : 0, . 65 - 0 . 43 - 1 .0 8 - 0 , . 66 0,.01 - 0 . 67 - 0 .9 1 0 ,. 1 9 1 .0 9 0, .89 0 .2 3 0. . 6630 : 0, .47 - 0 . 4 9 - 0 . 9 6 - 0 . . 36 0,..03 - 0 . 39 - 0 . 7 9 0,. 0 6 0 . 8 5 0, . 90 0 .41 0 . 4 945 : 0..32 - 0 .4 1 - 0 . 7 3 - 0 . . 09 - 0 . .02 - 0 . 0 7 - 0 . 5 9 - 0 , .08 0 ,. 50 0 ,. 82 0,. 52 0 . 3060 : 0,.26 - 0 . 2 2 - 0 .47 0. .07 - 0 . .1 3 0 . 2 0 - 0 .34 - 0 , .20 0 ,. 14 0.. 67 0 .54 0.. 137 5 : 0, ,29 0,.0 4 - 0 .2 5 0..0 9 - 0 , . 2 6 0 . 3 5 - 0 . 12 - 0  ,. 2 5 - 0 , .14 0. . 50 0 .47 0. .0390 : 0. . 41 0,.3 0 - 0 .11 - 0 . , 05 - 0 , .38 0 . 34 0 .02 - 0 . .24 - 0 . .26 0 ,. 35 0 .32 0 .. 031 0 5 : 0 ,. 59 0,. 4 9 - 0 , .10 - 0 . . 30 - 0 , .46 0,. 1 6 0 .0 3 - 0 , . 16 - 0 , . 19 0. .26 0 .14 0 . 131 2 0 : 0, .78 0 . 5 5 - 0 , .2 3 - 0 , . 60 - 0 , .48 - 0 .1 2 - 0 .0 8 - 0 , .0 3 0..0 5 0. .26 - 0 , .04 0. . 301 3 5 : 0. .92 0 .4 7 - 0  ,. 4 5 - 0 , . 87 - 0 . .4 3 - 0 , .44 - 0 .2 9 0 . 11 0,.40 0 . 34 - 0 . .15 0..491 5 0 : 0, .98 0 ,. 2 7 - 0 . .71 - 1 . 04 - 0 , .32 - 0 .7 1 - 0 . 54 0 ,. 2 2 0 ,. 7 6 0..49 - 0 . 17 0 . 661 6 5 : 0, .95 0,.0 1 - 0 , . 94 - 1 ,, 05 - 0 . .19 - 0 . . 8 6 - 0 .7 6 0..28 1 . 04 0.. 66 - 0 , .10 0,. 761 8 0 : 0 . 83 - 0 .24 - 1 , .07 - 0 . . 92 - 0 , .07 - 0 , . 8 5 - 0 , . 89 0 ,. 27 1 .. 16 0. . 81 0,.0 5 0 ,. 76
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G 1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  ( d eg )  == 10 U n i a x i a l  s t r e s s  = 0
111 - 1 1 1 - 1 - -11 1--11
1--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 .01 O i l -1 10 1 0 - 1 O i l
0: 0. ,55 0. . 68 0 .14 - 0 . ,34 - 0 . .54 0..20 0, .09 - 0 . 25 - 0 . 35 0. . 12 0..11 0..01
1 5 : 0. .47 0, .65 0 .18 - 0 . , 51 - 0 . .68 0,.17 - 0 . .06 - 0 . 20 - 0 . 14 0. ,01 0,.2 3 - 0 . .21
3 0 : 0,.26 0 . 46 0 .2 0 - 0 . , 54 - 0 . .65 0,. 11 - 0 , .13 - 0 . ,0 5 0. ,08 - 0  .. 15 0 .24 - 0 , . 39
45 : - 0 . . 03 0,. 14 0 .1 8 - 0 . ,41 - 0 . .45 • 0,. 04 - 0  ,. 11 0. 15 0. ,27 - 0 . .33 0 . 1 5 - 0 . .49
60 : - 0 . . 33 - 0 , . 20 0 .1 3 - 0 . .16 - 0 . . 14 - 0 . . 02 - 0  ,. 01 0 ., 36 0. ,36 - 0 . .48 - 0 , .01 - 0 . .47
7 5 : - 0 . .55 - 0 . .48 0 .0 6 0. , 14 0 . 20 - 0 . . 0 6 0 ,. 16 0 . 50 0. ,34 - 0  . 56 - 0 .2 2 - 0  . 35
90 : - 0 . . 63 - 0 , . 63 - 0 .0 0 0. . 42 0. .48 - 0 , . 0 6 0 ,. 35 0. 56 0. ,21 - 0 . . 55 - 0 . 41 - 0 , . 1 51 0 5 : - 0  ,. 5 5 - 0 , . 60 - 0 . 0 5 0. . 60 0. . 62 - 0 , .0 3 0..50 0. , 50 0. ,00 - 0 , .4 5 - 0 .5 2 0..07
1 2 0 : - 0  ,. 34 - 0 , .40 - 0 .07 0. . 63 0. .59 0. .03 0,.57 0. , 35 - 0 . 22 - 0 . .29 - 0 .54 0..2 5
1 3 5 : - 0 . .05 - 0 , .09 - 0 .05 0. ,50 0, .39 0..10 0.. 55 0..1 5 - 0 . ,40 - 0 , . 10 - 0 . 4 5 0,.3 5
1 5 0 : 0..25 0..25 0 .0 0 0. ,2 5 0 . 08 0,. 1 6 0,.4 5 - 0  . 0 5 - 0 . ,50 0 ,. 0 5 - 0 .2 8 0.. 3 3
1 6 5 : 0, .47 0 . 54 0 .07 - 0  ., 0 6 - 0 . .26 0 .2 0 0 ,. 28 - 0  ., 20 - 0 . ,48 0 ,. 13 - 0 .0 8 0 ,. 21
1 8 0 : 0, .55 0..68 0 .14 - 0 . . 34 - 0  ,. 54 0..2 0 0,.09 - 0 , .2 5 - 0 . ,35 0 ,. 12 0 .11 0,.01
G 1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = 10 U n i a x i a l  s t r e s s  = T e n s i l e
111 - 111 -1 - 1 1 1- -111--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
0: 0. .19 0 . 21 0 . 02 - 0 . 1 2 - 0 , 16 0 . 04 - 0  .. 06 - 0 . 1 4 - 0 .0 8 0 . 12 0 . 09 0 . 0 31 5 : 0. .11 0 . 18 0 . 06 - 0 . 3() - 0 . 3 0 0 , 00 - 0 . .21 - 0 . 0 8 0 .1 2 0 .0 2 0 . 21 - 0 . 1 9
3 0 : - 0 . .10 - 0 . 02 0 . 08 - 0 . 33 - 0 . 2 7 - 0 . 05 - 0 , .28 0 . 0 6 0 . 3 5 - 0 . 1 5 0 . 23 - 0 . 37
45 : - 0 , .39 - 0 . 33 0 . 06 - 0 , 2 0 - 0 . 0 7 - 0 . 12 - 0 , .26 0 . 2 7 0 . 5 3 - 0 , 3 3 0 . 14 - 0 .4 7
60 : - 0 . .69 - 0 . 68 0 . 01 0 . 0 5 0 . 2 4 - 0 . 18 - 0 , .15 0 . 4 7 0 . 6 2 - 0 . 48 - 0 . 03 - 0 . 4 5
7 5 : - 0 . ,90 - 0 . 96 - 0 .06 0 . 3 6 0 . 5 8 - 0 . 22 0. .02 0 . 62 0 . 60 - 0 . 5 6 - 0 . 24 - 0 . 32
90 : - 0 . .98 - 1 . 11 - 0 . 12 0 . 64 0 , 8 6 - 0 . 22 0 ,. 20 0 . 67 0 .47 - 0 . 55 - 0 . 42 - 0 . 1 31 0 5 : - 0 . .91 - 1 . 08 - 0 . 17 0 . 81 1 , 0 0 - 0 . 19, 0, .35 0 . 61 0 .2 6 - 0 . 4 5 - 0  . 54 0 . 0 9
1 2 0 : - 0 , .70 - 0 . 88 — 0 . 19 0 . 8 4 0 . 97 —0 . 13 0,.43 0 . 4 7 0 .04 - 0 . 28 - 0  . 56 0 .2 81 3 5 : - 0 . .40 - 0 . 57 - 0 . 17 0 , 7 1 0 . 7 7 - 0 . 06 0, .41 0 . 2 6 - 0 .14 - 0 . 10 - 0 . 47 0 .37
1 5 0 : - 0 , .11 - 0 , 22 - 0 . 11 0 . 4 6 0 . 4 6 - 0 . 00 0,.30 0 . 0 6 - 0 .24 0 . 0 5 - 0  . 30 0 . 3 5
1 6 5 : 0,.11 0 . 06 - 0 . 05 0 . 1 5 0 . 1 2 0 , 03 0, .13 -0 . 0 9 - 0 .21 0 . 1 3 - 0  . 09 0 . 2 3
180: . 0,.1 9 0 . 21 0 . 02 - 0 . 12 - 0 . 1 6 0- 04 - 0 . .0 6 -0 . 1 4 - 0 . 0 8 0 . 12 0 . 09 0 . 0 3
G 1
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d e g )  = 10 U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 1 1 1 - 1 -
]
-11 1--11
1--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 .01 O i l 110 1 0 - 1 O i l
0: 0,.90 1 , 16 0 . 2 6 - 0 . . 55 - 0 . .92 0,. 36 0 .24 —0 . 37 - 0  , 61 0,.11 0,.12 - 0 , . 011 5 : 0..83 1 , 13 0 .3 0 - 0 , , 73 — 1 ., 06 0 ,. 3 3 0 . 0 9 -0  . 31 - 0 . 40 0 , 01 0,.24 - 0 . .23
3 0 : 0,.62 0 ., 93 0 .32 - 0 , . 7 6 - 1 ., 03 0, .27 0 .01 - 0 . 16 - 0  ., 18 - 0  , 16 0 .2 6 - 0 , .414 5 : 0..32 0 .. 62 0 .30 - 0 , .6 3 - 0  ., 83 0,.20 0 . 0 3 0. 04 0. ,01 - 0  ,. 34 0 .17 " 0 .  51
60 : 0,.03 0,.28 0 . 2 5 - 0 , . 38 - 0 . ,52 0,.14 0 .14 0. 24 0, 10 - 0 . .49 0 .0 0 - 0  ,. 497 5 : - 0 . .19 - 0 , .01 0 .1 8 - 0  ,. 07 - 0 . .18 0 ,. 11 0 .31 0 . 39 0. 08 - 0 . . 57 - 0 .2 0 - 0 . . 37
90 : - 0 , .27 - 0  , 15 0 . 11 0 ,. 21 0. , 10 0, , 11 0 .50 0. 44 - 0 . ,05 - 0 , . 56 - 0 . 3 9 - 0 , . 171 0 5 : - 0 , .19 - 0  ,. 13 0 .07 0 ,. 3 8 0. ,25 0 ,. 14 0 . 6 5 0. 39 - 0 . ,26 - 0 , .4 6 - 0 .5 1 0,.051 2 0 : 0,.02 0,.07 0 .0 5 0, .41 0. ,21 0,.20 0 .72 0. 24 - 0 . , 48 - 0 . .29 - 0 . 52 0,.2 31 3 5 : 0,. 31 0,,38 0 .07 0..2 8 0 , 02 0,.27 0 .70 0. 04 — 0 .,67 - 0 . . 11 - 0 . .44 0 ,. 3 31 5 0 : 0 ,. 61 0,.73 0 .12 0 ,. 03 - 0 . . 30 0,.3 3 0 . 59 - 0  . 17 - 0 , ,76 0 ,. 04 - 0 .27 0, , 311 6 5 : 0..82 1 ,. 01 0 .1 9 - 0  ,. 2 8 - 0 . . 64 0 .36 0 . 4 2 - 0 . , 31 - 0 . .74 0 ,. 12 - 0 . 0 6 0 ,. 191 8 0 ; 0,.90 1 ,. 1 6 0 . 2 6 - 0  ,. 55 - 0 . .9 2 0 . 36 0 .24 - 0 . , 37 - 0 . .61 0 ,. 11 0 .1 2 - 0  ,. 01
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G 25
S w a i n  &. H a g a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  ( d e g )  = 10 U n i a x i a l  s t r e s s  = 0
111 - 1 1 1 -1--11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l . 1 1 0 1 0 - 1 O i l
0 : 0 . 2 8 0 .64 0 . 3 5 - 0 . .0 7 - 0 , .45 0 ,. 38 0 . 3 3 - 0 . 2 4 - 0 . .57 - 0 , . 11 0 . 0 5 - 0 , . 1 61 5 : 0 . 4 5 0,. 63 0 .1 8 - 0 , .3 7 - 0 , .46 0 ,. 0 9 0 . 17 - 0 , . 09 - 0 . .2 6 - 0 . .10 - 0 . 0 9 - 0 , .013 0 : 0 . 5 5 0,.4 8 - 0 .0 7 - 0 , . 60 - 0 . .39 - 0 . .20 - 0 . 0 4 0,. 0 7 0,.11 - 0 . .01 - 0 .1 6 0,.1 64 5 : 0 . 5 6 0,. 2 3 - 0 .3 4 - 0 , . 69 - 0 . .27 - 0 , . 41 - 0 . 2 6 0,. 2 0 0..46 0., 14 - 0 , .1 6 0,.2960 : 0 . 4 9 - 0 , . 0 6 - 0 . 5 5 - 0 . .61 - 0 . .13 - 0 , .4 9 - 0 .4 1 0,. 2 6 0..68 0,. 29 - 0 .0 7 0.. 3 67 5 : 0 . 3 4 - 0 , .31 - 0 , . 6 5 - 0 , .40 0. .01 - 0 , . 40 - 0 .4 7 0,.24 0..71 0,. 41 0 .0 7 0,. 3490 : 0 . 1 6 - 0 , . 4 6 - 0 . . 61 - 0 . .10 0. .09 - 0 , .1 9 - 0 .4 1 0,. 14 0. .56 0.. 47 0 .2 3 0..241 0 5 : - 0 , .01 - 0 , . 4 5 - 0 , . 4 5 0,.20 0. .10 0,. 11 - 0 . 2 6 - 0 . .0 1 0..25 0,.45 0,.3 6 0,.091 2 0 : - 0 , .11 - 0 , .31 - 0 , . 19 0., 43 0 .. 03 0, .40 - 0 , .04 - 0 , . 17 - 0  ,. 12 0.. 36 0..44 - 0  ,. 081 3 5 : - 0 .1 2 - 0 , . 0 5 0 .07 0,. 52 - 0 . .09 0.. 61 0.. 17 - 0 , . 2 9 - 0  ,. 47 0 . 22 0,.4 3 - 0 . . 211 5 0 : - 0 . 0 5 0, .24 0 ,. 2 9 0., 44 - 0 . .23 0,. 68 0 ,. 3 3 - 0 , . 36 - 0 . .68 0 . 07 0..3 5 - 0 . .281 6 5 : 0 .1 0 0 ,. 4 9 0 ,. 3 9 0. .2 3 - 0 . .37 0, , 59 0 . 39 - 0 . . 33 - 0 , .72 - 0 . ,05 0 ,. 21 - 0  . 2 61 8 0 : 0..28 0,. 64 0,.3 5 - 0  . 07 - 0  ., 45 0. , 38 0,. 33 - 0 , .24 - 0 . .57 - 0  .,11 0,.0 5 - 0  ., 16
G 25
S w a i n  & H a g a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d e g )  = 10 U n i a x i a l  s t r e s s  = T e n s i l e
111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 01 - 1 110 101 01 - 1 1--10 101 o i l 110 1 0 - 1 Oil
0: 0 .01 0 . 1 7 0 . 16 0 . 0 1 - 0 . 0 7 0 . 08 0 . 12 - 0 . 0 6 - 0 .1 8 - 0 . 11 - 0 . 04 - 0 . 0 71 5 : 0 . 1 7 0 . 1 7 - 0 . 00 - 0 . 2 9 - 0 . 0 8 - 0 . 21 - 0 .0 4 0 . 0 9 0 . 1 3 - 0 . 09 - 0 . 17 0 . 0 93 0 : 0 .2 7 0 . 02 - 0 . 26 - 0 . 5 2 - 0 . 0 2 - 0 . 50 - 0 . 2 5 0 . 2 5 0 . 5 0 0 . 0 0 - 0 . 25 0 . 2 54 5 : 0 . 2 9 - 0 . 2 4 - 0 . 52 - 0 . 61 0 . 1 0 - 0 . 71 - 0 . 4 6 0 . 38 0 .8 4 0 . 14 - 0 . 24 0 . 3 960 : 0 . 2 1 - 0 . 53 - 0 . 74 - 0 . 5 3 0 . 2 5 - 0 . 78 - 0 .6 2 0 . 44 1 . 0 6 0 . 30 - 0 . 16 0 . 4 67 5 : 0 . 0 6 - 0 . 7 8 - 0 . 84 - 0 . 3 2 0 . 3 8 - 0 . 70 - 0 . 68 0 . 4 2 1 . 1 0 0 . 42 - 0 . 02 0 . 4490 : - 0 .1 2 - 0 . 9 3 - 0 . 80 - 0 . 0 2 0 . 4 6 - 0 . 48 - 0 . 62 0 . 32 0 . 94 0 . 48 0 . 14 0 . 3 41 0 5 : - 0 . 2 9 - 0 . 9 2 - 0 . 64 0 . 2 9 0 . 4 7 - 0 . 19 - 0 . 4 6 0 . 17 0 .64 0 . 4 6 0 . 27 0 . 191 2 0 : - 0 . 3 9 - 0 . 77 - 0 . 38 0 . 5 1 0 .4 1 0 . 10 - 0 , . 2 5 0 . 0 1 0 . 2 6 0 . 37 0 . 35 0 . 0 21 3 5 : - 0 .4 0 - 0 . 5 2 - 0 . 12 0 . 60 0 . 2 9 0 . 31 - 0 , .04 -0 . 1 1 - 0 . 0 8 0 . 2 3 0 . 35 - 0 . 121 5 0 : - 0 . 3 3 - 0 . 2 3 0 . 10 0 . 5 2 0 .1 4 0 . 38 0,. 12 -0 . 18 - 0 . 3 0 0 . 0 8 0 . 26 - 0 . 1 81 6 5 : - 0 , . 18 0 . 0 2 0 . 20 0 . 3 1 0 . 0 1 0 . 30 0..1 8 - 0 . 1 6 - 0 . 3 3 - 0 . 0 4 0 . 12 - 0 . 171 8 0 : 0,. 01 0 . 1 7 0 . 16 0 . 0 1 - 0 . 0 7 0 . 08 0.. 12 - 0 . 0 6 - 0 . 1 8 - 0 . 11 - 0 . 04 - 0 . 0 7
G 25
S w a i n  & H a g a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d e g )  = 10 U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 1 1 1 -1-
]
-11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l 110 1 0 - 1 O i l
0 : 0 . 5 6 1 ,. 1 0 0,. 5 4 - 0 . .1 5 - 0 . ,82 0,.67 0 .5 4 - 0 , . 42 - 0 .9 5 - 0 , . 12 0 .14 - 0 , .261 5 : 0 . 7 3 1 .1 0 0,.3 7 - 0 , . 45 - 0 . .83 0..38 0 . 3 8 - 0 . . 27 - 0 , . 65 - 0 , .11 0,. 0 0 - 0 , . 1130 : 0 . 8 3 0 . 95 0,. 12 - 0 . , 68 - 0 . ,77 0,.09 0 . 17 - 0 . .11 - 0 , .27 - 0 , . 01 - 0 , .0 7 0 . 0645 : 0 .8 4 0 . 70 - 0 . 1 5 - 0 . . 77 - 0 , , 65 - 0 , . 12 - 0 . 0 5 0,.02 0,.07 0,.1 3 - 0 , .0 7 0 , 2060 : 0 .7 7 0 . 40 - 0 , . 3 6 - 0 . , 69 - 0 . ,50 - 0 , .19 - 0 . 2 0 0,. 08 0,.29 0,.28 0,.01 0. ,267 5 : 0 . 62 0,. 1 5 - 0 , . 4 6 - 0 . ,48 - 0 . ,37 - 0 . .11 - 0 . 2 6 0., 0 6 0,.32 0,. 40 0,. 1 5 0. ,2590 : 0 . 4 3 0 .0 1 - 0 , .42 - 0 . .18 - 0 . .29 0,. 11 - 0 . 2 0 - 0 , ,04 0,.17 0,.4 6 0 . 31 0,,151 0 5 : 0 .2 7 0.. 01 - 0 .2 6 0. ,12 - 0 . ,28 0. .40 - 0 . 0 5 - 0 , . 18 - 0 , .14 0,.44 0 .4 5 - 0 , . 011 2 0 : 0 .1 7 0,. 1 6 - 0 , .01 0. ,35 - 0 . ,34 0, . 69 0 . 1 7 - 0 , . 34 - 0  ,.51 0 ,. 35 0 .52 - 0 . . 171 3 5 : 0 . 1 5 0,. 42 0 ,. 26 0. , 44 - 0 . ,46 0 . 90 0,.3 8 - 0  , 47 - 0 . .85 0,,21 0,.52 - 0  .. 311 5 0 : 0 .2 3 0,.71 0,.48 0. ,36 - 0  .,61 0. , 97 0..54 - 0 . , 53 - 1 , 07 0, .0 6 0 ,. 44 - 0 . . 381 6 5 : 0 .38 0,. 96 0,.58 0 ., 15 - 0 . ,74 0.,89 0 . 59 - 0 . , 51 - 1 , 11 - 0 , .0 6 0,.30 - 0 . ,361 8 0 : 0 .5 6 1 ,. 10 0..54 - 0 . , 15 - 0 . ,82 0. , 67 0,. 54 - 0 . , 42 - 0 , ,95 - 0  . 12 0,.14 - 0 . ,26
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G 31
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n  
r = 2 a  R o t a t i o n  (d eg )  = 10 U n i a x i a l  s t r e s s  = 0
111 - 111 -1 - 1 1 1-■11
1--10 1 0 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l -110 101-1 O i l
0 : - 0 . .11 0 . 2 1 0 . 32 0 . 39 - 0 . 2 7 0 . 66 0..14 - 0 . 47 - 0 . 6 0 0 .1 4 0 . 52 - 0 . 3 815 : 0. .01 0 , 4 5 0 . 45 0 . 2 6 - 0 . 4 1 0 . 67 0..2 9 - 0 . 4 2 - 0 .7 1 - 0 . 0 3 0 . 38 - 0 . 41
3 0 : 0..18 0 . 60 0. 42 0 . 0 2 - 0 . 5 0 0 . 52 0, .34 - 0 . 2 9 - 0 . 6 3 - 0 . 13 0 . 18 - 0 . 32
4 5 : 0..37 0 . 6 3 0 . 27 - 0 . 2 5 - 0 . 5 0 0 . 25 0. ,27 - 0 . 1 2 - 0 . 3 8 - 0 . 1 5 - 0 . 02 - 0 . 1 3
60 : 0, .52 0 . 5 3 0 . 01 - 0 . 4 9 - 0 . 4 1 - 0 . 08 0..0 9 0 . 0 5 - 0 .0 4 - 0 .0 7 —0 . 17 0 . 1 0
75 : 0, ,59 0 . 3 2 - 0 . 27 - 0 . 63 - 0 . 2 7 - 0 . 36 - 0 , .14 0 . 17 0 .3 1 0 . 0 9 - 0 . 23 0 . 32
90 : 0.,57 0 . 0 7 - 0  . 50 - 0 . 64 - 0 .1 1 - 0 . 53 - 0  . 36 0 . 2 1 0 . 5 7 0 . 2 8 - 0 . 18 0 . 4 6
1 0 5 : 0..45 - 0 ,. 17 - 0  . 62 - 0 , 5 1 0 . 0 4 - 0 . 54 - 0 , .51 0 . 1 6 0 . 58 0 . 4 5 - 0 . 03 0 . 4 91 2 0 ; 0..27 - 0 . 3 2 - 0 . 60 - 0 . 2 7 0 . 1 2 - 0 . 39 - 0 , . 5 6 0 . 0 3 0 . 6 0 0 . 5 6 0 . 17 0 . 3 91 3 5 : 0, .09 - 0 . 3 5 - 0 . 44 0 . 0 0 0 . 1 2 - 0  . 12 - 0 , . 4 9 - 0 . 1 4 0 . 35 0 . 58 0 . 37 0 . 2 1
1 5 0 : - 0 , .06 - 0 . 2 5 - 0 . 19 0 . 2 4 0 .0 4 0 . 20 - 0  . 31 - 0 . 31 0 .01 0 . 4 9 0 . 52 - 0 . 0 2
1 6 5 : - 0 , .13 - 0 . 04 0 . 09 0 . 38 - 0 . 1 0 0 . 49 - 0 . .0 9 - 0 . 4 3 - 0 . 34 0 . 34 0 . 57 - 0 . 241 8 0 : - 0  ,. 11 0 . 21 0 . 32 0 . 39 - 0 . 2 7 0 . 66 0 ,. 14 - 0 . 4 7 - 0 . 60 0 . 14 0 . 52 - 0 . 3 8
G 31
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  (d eg )  = 10 U n i a x i a l  s t r e s s  ~ T e n s i l e
111 - 111 -1 -1 1 1- 11
1--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
0: - 0 , .12 0 . 01 0 . 14 0 .1 7 - 0 . 0 1 0 . 19 0 ,. 0 9 - 0 . 1 0 - 0 . 1 9 - 0 . 04 0 . 10 - 0 .1 4
1 5 : - 0 . .01 0, 25 0 . 26 0 .0 4 - 0 . 1 6 0 . 20 0 ,. 24 - 0 . 0 5 - 0 . 2 9 - 0 . 2 1 - 0 . 04 - 0 . 1 63 0 : 0, .17 0 . 40 0 . 24 - 0 . 1 9 - 0 . 2 4 0 . 05 0,.2 9 0 . 0 8 - 0 . 21 - 0 . 32 - 0 . 24 - 0 . 07
45 : 0, .35 0 . 43 0 . 08 —0 . 4 7 - 0 . 2 4 - 0 . 23 0,.22 0 . 25 0 .0 4 - 0 . 3 3 - 0 . 44 0 .1 1
60 : 0. .50 0 . 33 - 0 . 17 - 0 . 71 - 0 . 1 6 - 0 . 55 0..04 0 . 4 2 0 . 38 - 0 . 2 5 - 0 . 59 0 . 3 575 : 0 ,. 58 0 . 12 - 0 . 45 - 0 . 85 - 0 . 0 2 - 0  . 84 - 0  ,. 1 9 0 . 54 0 . 7 3 - 0 . 09 - 0 . 65 0 . 5 6
90 : 0, .55 - 0 . 13 - 0 . 68 - 0 . 8 6 0 . 1 5 - 1 . 01 - 0  ,. 41 0 . 58 0 . 9 9 0 . 1 0 - 0  . 60 0 . 70
1 0 5 : 0 ,. 44 - 0 . 37 - 0 . 81 - 0 . 7 3 0 . 2 9 - 1 . 02 - 0 , .5 6 0 . 5 3 1 . 0 9 0 . 2 7 - 0 . 46 0 . 7 3
1 2 0 : 0,.26 - 0 . 52 - 0 . 78 - 0 . 4 9 0 . 3 8 - 0 . 87 - 0  ,. 61 0 . 40 1 .0 1 0 . 3 8 - 0 . 26 0 . 64
1 3 5 : 0, .07 - 0 . 55 - 0 . 63 - 0 , 2 2 0 . 3 8 - 0 . 59 - 0 , . 54 0 . 2 3 0 .7 7 0 . 40 - 0 . 06 0 . 4 5
1 5 0 : - 0 , .08 - 0 . 45 - 0 . 37 0 . 0 2 0 . 2 9 - 0 . 27 - 0 , . 36 0 . 0 6 0 . 4 3 0 . 31 0 . 09 0 . 2 2
1 6 5 : - 0 , .1 5 - 0 , 24 - 0  . 09 0 . 1 7 0 . 1 5 0 . 01 - 0  ,. 14 - 0 . 06 0 .0 8 0 . 1 5 0 . 15 0 . 00
1 8 0 : - 0 , .12 0 . 01 0 . 14 0 . 1 7 - 0 . 0 1 0 . 19 0 ,. 0 9 - 0 . 1 0 - 0 . 1 9 - 0 .0 4 0 . 10 - 0 . 14
G 31
S w a i n  & H ag a n  r e s i d u a l  s t r e s s  d i s t r i b u t i o n
r = 2 a  R o t a t i o n  ( d e g )  = 10 U n i a x i a l  s t r e s s  = C o m p r e s s i v e
111 - 1 1 1 - 1 -
]
-11 1--11
1--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 .01 O i l 110 1 0 - 1 O i l
0: - 0 , ,10 0,. 41 0 .51 0 . 61 - 0  . 52 1 ., 13 0 , 18 - 0  . 84 - 1 ., 02 0 ., 33 0., 95 - 0  ., 6215 : 0, .02 0,. 65 0 . 6 3 0 ., 47 - 0 . , 67 1 ., 14 0 , 34 - 0 . 79 - 1 ., 13 0 . 1 5 0, .80 - 0  ., 65
30 : 0..19 0 ,. 81 0,. 61 0 . 24 - 0  ., 75 0..99 0 ., 39 - 0 . 66 - 1 ., 05 0, ,05 0,.60 - 0 . , 56
45 : 0, .38 0,.8 3 0 .45 - 0 . ,03 - 0 . ,75 0, 72 0 ., 31 - 0 . 49 - 0  .,80 0 , 03 0 ,. 40 - 0 . , 37
60 : 0,.53 0,. 7 3 0 .2 0 - 0 . 27 - 0 . ,67 0. . 40 0.,14 - 0 . , 32 - 0  , 46 0 , 12 0,.25 - 0 , , 14
75 : 0. .60 0,. 52 - 0 .08 - 0 . 42 - 0 . ,53 0. . 11 - 0 . , 09 - 0 . 19 - 0 , ,11 0 ,. 27 0 .20 0., 08
90 : 0, .58 0..27 - 0 .31 - 0 . , 42 - 0 . ,36 - 0 . .0 6 - 0 , ,31 - 0 . 15 0, ,15 0..4 6 0 .2 5 0 .. 22
1 0 5 : 0 ,. 46 0,. 0 3 - 0 . 4 3 - 0 . ,29 - 0 . ,22 - 0 , ,07 - 0  . 4 6 - 0  .,20 0 ,. 26 0 ,. 64 0 .39 0., 24
1 2 0 : 0,.29 - 0 .1 2 - 0 . 41 - 0 . ,06 - 0 , .14 0 ,. 08 - 0 . .51 - 0 . , 33 0 ,. 18 0,.74 0 . 59 0,. 15
1 3 5 : 0,.10 - 0 , . 1 5 - 0 . 2 5 0. ,22 - 0 , ,13 0,.3 5 - 0 . ,44 - 0 . , 51 - 0 , .07 0,. 7 6 0 .7 9 - 0 . ,03
1 5 0 : - 0  ,. 0 5 - 0 , . 0 5 0 .0 0 0. 46 - 0 . ,22 0,. 68 - 0  . 27 - 0 . .68 - 0 , .41 0 ,. 67 0 .94 - 0  , 271 6 5 : - 0 , .12 0 . 1 6 0 .2 8 0. ,60 - 0  ,. 36 0 . 96 - 0 , .04 - 0 . , 80 - 0 , .76 0,. 52 1 .0 0 - 0 , , 48
1 8 0 : - 0 .10 0 .4 1 0 .51 0. , 61 - 0  , 52 1 .  13 0..18 - 0  ., 84 - 1 ,. 02 0 ,. 3 3 0 . 95 - 0 , . 62
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Appendix G Stress fie ld  calculations for cracking
T a b l e  6 1 (a)
p h i
S p e c i m e n / I n d e n t  N o . : E13
111 -111
HC, R o t a t i o n  (d eg )  
- 1-11
- 2 0
1-11
1--10 101-1 01 - 1 110 101 01 —1 1--10 101 O i l 110 101-1 O i l
45 : - 0 . 0 5 0 . 12 0 . 17 0 . 0 0 - 0 . 0 1 0 . 01 0..14 0 . 0 2 - 0 . 12 - 0 . 1 9 - 0 . 12 - 0 . 0 7
50 :1-0 . 0 7 0 . 14 0 . 20 0 . 0 1 - 0 . 0 2 0 . 03 0,.17 0 . 02 - 0 . 1 5 - 0 . 2 2 - 0 . 14 - 0 . 0 8
55 : - 0 . 0 9 0 . 16 0 . 25 0 . 0 3 - 0 . 0 2 0 . 05 0..21 0 . 0 1 - 0 . 1 9 - 0 . 2 7 - 0 . 16 - 0 . 1 1
60 : - 0 . 1 4 0 . 20 0 . 34 0 . 0 7 - 0 . 0 2 0 . 09 0..27 - 0 . 0 0 - 0 .2 7 - 0 . 3 4 - 0 . 18 - 0 . 1 665 : - 0 . 2 8 0 . 26 0 . 54 0 . 2 2 0 . 0 1 0 . 21 0, .42 - 0 . 0 5 - 0 .4 8 - 0 . 4 9 - 0 . 21 - 0 . 2 8
70 : ; - l . 0 0 - 0 . 36 0 . 64 0 . 80 0 . 6 7 0 . 13 0. .48 0 . 0 5 - 0 . 4 3 - 0 . 69 - 0 . 36 - 0 . 3 3
75 : ; - 0 . 5 2 - 0 . 09 0 . 44 0 . 4 2 0 . 3 0 0 . 12 0, .33 0 . 0 1 - 0 . 3 3 - 0 . 44 - 0 . 22 - 0 . 2 3
80 : ; - 0 . 4 0 - 0 . 10 0 . 30 0 . 3 5 0 . 2 3 0 . 13 0, .22 - 0 . 0 3 - 0 . 2 5 - 0 . 2 7 - 0 . 10 - 0 .1 7
85 : ; - 0 , 3 4 - 0 . 10 0 . 23 0 . 3 1 0 . 1 9 0 . 11 0,.17 - 0 . 0 3 - 0 . 2 0 - 0 . 2 0 - 0 . 06 - 0 .14
90: ; - 0 . 3 0 - 0 . 11 0 . 19 0 . 2 7 0 . 1 8 0 . 10 0,.14 - 0 . 0 3 - 0 .1 7 - 0 . 1 6 - 0 . 04 - 0 . 12
95: ; - 0 . 2 7 - 0 . 11 0 . 16 0 . 2 5 0 . 1 6 0 . 09 0,.12 - 0 . 0 3 - 0 .1 4 - 0 . 13 - 0 . 03 - 0 . 101 0 0 : : - 0 . 2 5 - 0 . 11 0 . 14 0 . 2 3 0 . 1 5 0 . 08 0,.10 - 0 . 0 3 - 0 .12 - 0 . 11 - 0 . 02 - 0 . 0 91 0 5 : ; - 0 . 2 3 - 0 . 11 0 . 12 0 . 2 2 0 . 1 5 0 . 07 0,.08 - 0 . 0 2 - 0 .1 1 - 0 . 10 - 0 . 01 - 0 . 0 81 1 0 : : - 0 . 2 1 - 0 . 11 0 . 10 0 . 2 0 0 .1 4 0 . 06 0,.07 - 0 . 0 2 - 0 . 0 9 - 0 . 08 - 0 . 01 - 0 . 0 7
1 1 5 : : - 0 . 2 0 - 0 . 11 0 . 09 0 . 1 9 0 . 1 4 0 . 06 0,.06 - 0 . 0 2 - 0 .0 8 - 0 . 0 7 - 0 . 01 - 0 . 0 6
1 20 : : - 0 . 1 9 - 0 . 11 0 . 08 0 . 18 0 . 1 3 0 . 05 0,.05 - 0 . 0 2 - 0 .0 7 - 0 . 06 - 0 . 00 - 0 . 0 6
1 25 : ; - 0 . 1 8 - 0 . 11 0 . 07 0 . 1 7 0 . 1 3 0 . 04 0,.04 - 0 . 0 1 - 0 . 0 6 - 0 . 05 - 0 . 00 - 0 . 0 51 3 0 : ; - 0 . 1 7 - 0 . 11 0 . 06 0 . 16 0 . 1 3 0 . 04 0,.04 - 0 . 0 1 - 0 .0 5 - 0 . 05 - 0 . 00 - 0 .0 4
1 3 5 : ; - 0 . 1 6 - 0 . 11 0 . 05 0 . 1 5 0 . 1 2 0 . 03 0 . 03 - 0 . 0 1 - 0 .04 - 0 . 04 - 0 . 00 - 0 .0 4
T a b l e  6 1 ( b ) S p e c i m e n / I n d e n t No.  : E l 3 HCH, R o t a t i o n I (d eg ) - 2 0
p h i I l l 111 - 1 - 1 1 1-■11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 o i l
45: : - 0 . 1 7 0 . 46 0. 63 0 . 03 - 0 . 0 9 0 . 13 0, .51 0 . 0 2 - 0 . 4 9 - 0 . 65 - 0 . 39 - 0 . 2 7
50: ; - 0 . 1 9 0 . 45 0 . 64 0 . 0 1 - 0 . 0 7 0 . 07 0, .53 0 . 0 7 - 0 . 4 6 - 0 . 71 - 0 . 45 - 0 . 2 5
55: ; - 0 . 2 1 0 . 44 0. 65 - 0 . 01 - 0 . 0 3 0 . 02 0,.54 0 . 1 1 - 0 . 4 3 - 0 . 7 6 - 0 . 52 - 0 .2460: ; - 0 . 2 5 0 . 42 0 . 67 - 0 . 0 0 0 . 0 1 - 0 . 01 0 .. 56 0 . 1 4 - 0 .4 2 - 0 . 81 - 0 . 57 - 0 .2 465: : - 0 . 3 4 0 . 41 0 . 75 0 . 0 6 0 . 0 7 - 0 . 00 0,. 62 0 . 1 5 - 0 .4 7 - 0 . 90 - 0 . 62 - 0 . 2 7
70: : - 0 . 7 1 0 . 07 0 . 78 0 . 3 5 0 . 4 2 - 0 . 08 0,. 64 0 . 2 2 - 0 . 41 -1 . 00 - 0 . 71 - 0 . 2 975: ; - 0 . 5 0 0 . 16 0 . 67 0 . 1 8 0 . 2 8 - 0 . 10 0..56 0 . 2 2 - 0 .34 - 0 . 8 8 - 0 . 66 - 0 . 2 280: ; - 0 . 4 7 0 . 13 0 . 60 0 . 1 6 0 . 2 7 - 0 . 11 0,.50 0 . 2 1 - 0 . 2 9 - 0 . 81 - 0 . 61 - 0 . 2 085: ; - 0 . 4 5 0 . 12 0 . 57 0 . 1 6 0 . 2 7 - 0 . 11 0..48 0 . 2 0 - 0 .2 7 - 0 . 77 - 0  . 59 - 0 . 19
90: : - 0 . 4 4 0 . 11 0 . 56 0 . 1 5 0 . 2 6 “ 0 . 11 0,.46 0 . 2 0 - 0 .27 - 0 . 7 5 - 0  . 57 - 0 . 1 895: ; - 0 . 4 3 0 . 12 0 . 55 0 . 1 5 0 . 2 5 - 0 . 10 0,.46 0 -.19 - 0 .2 7 - 0 . 7 4 - 0  . 56 - 0 . 18
100 : : - 0 . 4 1 0 . 14 0 . 55 0 . 1 4 0 . 2 3 - 0 . 09 0,.46 0 . 1 8 - 0 . 2 8 - 0 . 7 3 - 0 . 55 - 0 . 1 8
1 05 : ; - 0 . 3 8 0 . 17 0 . 54 0 . 11 0 . 2 0 - 0 . 09 0,.45 0 . 18 - 0 . 2 8 - 0 . 72 - 0 . 54 - 0 . 18
1 1 0 ; ; - 0 . 3 4 0 . 19 0. 53 0 . 0 7 0 . 1 7 - 0 . 09 0,. 44 0 . 1 8 - 0 .2 7 - 0 . 71 - 0 . 54 - 0 . 171 15 : ; - 0 . 2 8 0 . 22 0 . 50 0 . 0 2 0 . 1 3 - 0 . 11 0. .43 0 . 18 - 0 .24 - 0 . 6 9 - 0 . 54 - 0 . 1 5
1 20 :1-0 . 2 3 0 . 24 0 . 47 - 0 . 0 3 0 . 1 0 - 0 . 13 0,.40 0 . 19 - 0 .21 - 0 . 66 - 0 . 53 - 0 . 1 3
1 25 : : - 0 . 1 7 0 . 25 0 . 41 - 0 . 0 9 0 .07 - 0 . 16 0,.36 0 . 2 0 - 0 . 1 6 - 0 . 62 - 0  . 53 - 0 . 0 9
1 30 : : - 0 . 1 1 0 . 25 0 . 35 - 0 . 1 5 0 . 0 5 - 0 . 20 0 .31 0 . 2 2 - 0 . 0 9 - 0 . 57 - 0 . 51 - 0 . 0 5135 : : - 0 . 0 5 0 . 23 0 . 28 - 0 . 2 0 0 .0 4 - 0 . 24 0..26 0 . 2 3 - 0 . 0 3 - 0 . 51 - 0 . 50 - 0 .0 1
T a b l e  6 1 ( c )
m i c r o n s
S p e c i m e n / I n d e n t  N o . :  E l 3 VC, R o t a t i o n  ( d e g ) :  - 2 0 ,  x i n
X 111 - 111 - 1 - 1 1 1-■111--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
- 5 : 0. .21 0 . 43 0 . 2 2 - 0 . 32 - 0 . 1 8 - 0 . 14 - 0 , . 2 9 - 0 . 40 - 0 .1 1 0 . 1 8 0 . 15 0 . 0 3- 4  : 0, .35 0 . 73 0 . 37 - 0 . 54 - 0 . 3 0 - 0 . 24 - 0 .4 9 - 0 . 68 - 0 . 1 9 0 . 30 0 . 25 0 . 0 5- 3 : 0, .39 0 . 80 0 . 41 - 0 . 60 - 0 . 3 3 - 0 . 27 - 0 .54 - 0 . 74 - 0 . 2 0 0 . 33 0 . 27 0 . 0 6- 2 : 0, . 43 0 . 88 0 . 45 - 0 . 66 - 0 . 3 6 - 0 . 29 - 0 .6 0 - 0 . 8 2 - 0 . 2 3 0 . 37 0 . 30 0 . 0 6- 1 : 0, .47 0 . 96 0 . 50 - 0 . 72 - 0 .4 0 - 0 . 32 - 0 .6 5 - 0 . 90 - 0 . 2 5 0 . 40 0 . 33 0 . 0 70 : 0 ,. 49 1 . 00 0 . 51 - 0 . 7 5 - 0 .4 1 - 0 . 33 - 0 . 67 - 0 . 93 - 0 . 2 5 0 . 42 0 . 34 0 . 0 71 : 0, . 47 0 . 96 0 . 50 - 0 . 7 2 - 0 . 4 0 - 0 . 32 - 0 .6 5 - 0 . 90 - 0 . 2 5 0 . 40 0 . 33 0 . 0 72 : 0. .43 0 . 88 0 . 45 - 0 . 66 - 0 . 3 6 - 0 . 29 - 0 .60 - 0 . 82 - 0 . 2 3 0 . 37 0 . 30 0 . 0 63 : 0. ,39 0 . 80 0 . 41 - 0 . 60 - 0 . 3 3 - 0 . 27 - 0 . .54 - 0 . 74 - 0 . 2 0 0 . 33 0 . 27 0 . 0 64: 0, ,35 0 . 73 0 . 37 - 0 . 54 - 0 . 3 0 - 0 . 24 - 0 .4 9 - 0 . 6 8 - 0 . 1 9 0 . 3 0 0 . 25 0 . 0 55 : 0. .32 0 . 67 0 . 34 - 0 . 5 0 - 0 . 2 8 - 0 . 22 - 0 .4 5 - 0 . 62 - 0 .1 7 0 . 2 8 0 . 23 0 . 0 5
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Appendix G Stress field  calculations for cracking
T a b l e  G 2 ( a )  S p e c i m e n / I n d e n t  N o . :  J l  HC, R o t a t i o n  ( d e g ) :  - 2 0
p h i 111 - 1 1 1 - 1 -
]
-11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 .01 O i l 110 1 0 - 1 O i l
4 5 : 0 . 0 1 - 0  ,. 11 - 0 .1 2 - 0 , .08 0. .13 - 0 , ,21 - 0 .0 2 0. , 17 0,. 1 9 - 0 , ,0 5 - 0 .1 8 0,.1 35 0 : 0 .0 1 - 0  ,. 1 2 - 0 . 1 3 - 0 . . 09 0. .14 - 0 . , 24 - 0 .0 2 0 ., 20 0,. 22 - 0 , , 06 - 0 .2 2 0,.1 55 5 : 0 .0 2 - 0 , .14 - 0 . 1 5 - 0 , . 11 0. .16 - 0 , .28 - 0 .0 1 0. 24 0,. 2 5 - 0 . ,0 9 - 0 . 2 6 0,.1860 : 0 .0 2 - 0 , . 1 5 - 0 .1 8 - 0 . .1 5 0. ,19 - 0 . .34 0 .0 1 0. , 31 0,.30 - 0 . , 13 - 0 . 3 5 0,.216 5 : 0 . 0 3 - 0 , .1 6 - 0 .1 9 - 0 , ,20 0. ,23 - 0  ,. 42 0 . 1 2 0. , 47 0,. 3 5 - 0 , ,28 - 0 .54 0..2 67 0 : - 0 . 5 9 - 0 , .28 0,.3 1 0..3 5 0, ,33 0..02 0 .7 6 0. , 69 - 0 , . 07 - 1 ,. 00 - 0 .74 - 0 . .2 67 5 : - 0 . 2 5 - 0 , . 1 6 0 . 0 9 0. .10 0.,21 - 0 . .11 0 .3 7 0. , 44 0,.07 - 0 , ,52 - 0 .48 - 0 . .0 58 0 : - 0 .1 8 - 0 . .0 6 0 . 12 0..09 0,,09 - 0 . ,00 0 . 3 2 0 . 28 - 0 . .03 - 0 . .40 - 0 .3 2 - 0 , .088 5 : - 0 . 1 5 “ 0 ,. 0 3 0 .1 2 0. .09 0,, 06 0..03 0 .2 8 0. 22 - 0  ,. 06 - 0  , 34 - 0 .2 5 - 0 , ,0990 : - 0 . 1 3 - 0 , .01 0 . 12 0..0 9 0.,04 0 , 0 5 0 . 2 5 0. , 17 - 0  ,. 08 - 0  ., 30 - 0 .2 0 - 0  ,. 1095 : - 0 . 1 2 - 0 , .00 0 . 12 0,,0 9 0. .02 0..06 0 . 2 3 0. , 15 - 0 . . 08 - 0 . , 27 - 0 .17 “ 0 ,. 101 0 0 : - 0 .1 2 0,.00 0 .1 2 0. .09 0. ,02 0 ,. 07 0 .2 2 0. . 13 - 0  ,. 09 - 0 . , 25 - 0 .1 5 - 0 , .101 0 5 : - 0 .1 1 0 ,. 01 0 .1 2 0., 09 0. ,01 0,,08 0 . 2 0 0. ,11 - 0  ,. 0 9 - 0  ,. 23 - 0 .1 3 - 0 , . 101 1 0 : - 0 .1 1 0..01 0 .12 0..0 9 0. ,01 0. .08 0 . 1 9 0. 10 - 0  ,. 10 - 0  . 22 - 0 .11 - 0 , .101 1 5 : - 0 .1 1 0,.01 0 .12 0.,09 0. , 00 0 ,. 09 0 .1 8 0. 08 - 0 . .10 - 0 , .2 0 - 0 .10 - 0 , , 111 2 0 : - 0 .11 0,. 01 0,.12 0, ,09 - 0 . ,00 0 ,. 09 0 .18 0. 08 - 0 . .10 - 0  . 19 - 0 .09 - 0 . , 111 2 5 : - 0 .1 0 0,. 01 0,. 12 0. ,09 - 0 . ,00 0..09 0 . 17 0 . ,07  . - 0 , .10 - 0  . 18 - 0 .08 —0 .,111 3 0 : - 0 .1 0 0.. 01 0 .11 0 . 09 - 0 . ,00 0.,10 0 . 1 6 0. 06 - 0 . . 10 - 0 . . 17 - 0 .07 - 0 . , 111 3 5 : - 0 .1 0 0.. 01 0,.11 0. ,09 - 0 . .00 0.,10 0 . 1 5 0 . 05 - 0 , .10 - 0 . . 16 - 0 .0 6 - 0 , , 11
T a b l e  G 2 (b )  S p e c i m e n / I n d e n t  N o . :  J l  HCH, R o t a t i o n  ( d e g ) :  - 2 0p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
4 5 : 0 . 1 0 - 0 . 3 6 - 0 , 46 - 0 . 3 6 0 . 4 3 - 0 . 79 - 0 . 09 0 . 63 0 . 7 2 —0 . 17 - 0 . 70 0 . 535 0 : 0 . 0 5 - 0 . 4 4 - 0 . 49 - 0 . 3 4 0 . 5 0 - 0 . 84 - 0 .1 0 0 . 67 0 . 7 8 - 0 . 1 9 - 0 . 73 0 . 555 5 : - 0 . 0 1 - 0 . 51 - 0 . 51 - 0 . 3 1 0 . 5 6 - 0 . 87 - 0 . 11 0 . 71 0 . 8 2 - 0 . 2 1 - 0 . 76 0 . 5 560 : - 0 . 0 6 - 0 . 57 - 0 . 51 - 0 . 2 8 0 . 62 - 0 . 90 - 0 .1 0 0 . 7 6 0 . 8 6 - 0 . 2 5 - 0 . 81 0 . 5 665 : - 0 . 11 - 0 . 6 2 - 0 . 50 - 0 . 2 7 0 . 6 7 - 0 . 93 - 0 .0 3 0 . 8 5 0 . 8 8 - 0 . 3 5 - 0 . 90 0 . 55
7 0 : - 0 . 4 9 - 0 . 7 1 - 0 . 22 0 . 0 6 0 . 7 4 - 0 . 68 0 .3 2 0 . 97 0 . 6 5 - 0 . 7 5 - 1 . 00 0 . 2 57 5 : - 0 . 3 5 - 0 . 67 - 0 . 32 - 0 . 0 3 0 . 6 9 - 0 . 72 0 .1 4 0 . 84 0 . 7 0 - 0 . 5 2 - 0 . 86 0 . 3 480 : - 0 . 3 4 - 0 . 6 2 - 0 . 28 - 0 . 0 1 0 . 6 3 —0 . 64 0 . 14 0 . 7 6 0 . 6 3 - 0 . 4 9 - 0 . 78 0 . 2 98 5 : - 0 . 3 4 - 0 . 60 - 0 . 26 —0 . 0 0 0 . 61 - 0 . 61 0,.1 3 0 . 7 3 0 . 6 0 - 0 . 4 7 - 0 . 75 0 . 2 79 0 : - 0 . 3 3 - 0 . 58 - 0 . 25 - 0 . 0 0 0 . 5 9 - 0 . 60 0 .1 3 0 . 72 0 . 5 8 - 0 . 4 6 - 0 . 73 0 . 2 79 5 : —0 . 3 1 - 0 . 57 - 0 . 26 - 0 . 0 1 0 . 5 8 - 0 . 59 0 .1 2 0 . 70 0 . 58 - 0 . 4 5 - 0 . 72 0 . 271 0 0 : - 0 . 2 9 - 0 . 56 - 0 . 27 - 0 . 0 3 0 . 5 7 - 0 . 61 0 .11 0 . 7 0 0 . 59 - 0 . 42 - 0 . 71 0 . 2 91 0 5 : - 0 , . 2 6 - 0 . 5 5 - 0 . 29 - 0 . 0 6 0 .5 7 - 0 . 62 0,.0 8 0 . 68 0 . 61 - 0 . 39 - 0 . 70 0 . 311 1 0 : - 0 , . 2 3 - 0 . 55 - 0 . 32 - 0 . 0 8 0 . 5 7 - 0 . 65 0 .04 0 . 66 0 . 6 3 - 0 . 34 - 0 . 68 0 .3 41 1 5 : - 0 , . 2 0 - 0 . 55 - 0 . 35 - 0 . 10 0 . 5 6 - 0 . 67 - 0 .01 0 . 64 0 . 65 - 0 . 29 - 0 . 65 0 . 361 2 0 : - 0 , .1 8 - 0 . 55 - 0 . 38 - 0 . 1 2 0 . 5 6 - 0 . 68 - 0 .0 7 0 . 60 0 . 6 7 - 0 . 2 3 - 0 . 61 0 . 381 2 5 : - 0 . 1 6 - 0 . 55 —0 . 40 - 0 . 1 3 0 . 5 5 - 0 . 68 - 0 .1 2 0 . 56 0 . 68 - 0 . 16 - 0 . 55 0 . 391 3 0 : - 0 , . 1 5 - 0 . 55 - 0 . 41 - 0 . 1 2 0 . 5 4 - 0 . 66 - 0 .1 7 0 . 50 0 . 67 - 0 . 09 - 0 . 49 0 . 3 91 3 5 : - 0 , .1 4 - 0 . 54 - 0 . 40 - 0 . 1 1 0 . 5 2 - 0 . 63 - 0 .21 0 . 4 4 0 . 6 5 - 0 . 0 3 - 0 . 41 0 . 38
T a b l e  G 2 ( c )  S p e c i m e n / I n d e n t  N o . : J l  VC, R o t a t i o n  ( d e g ) : - 2 0 ,  x i n  m i c r o n s
X 1 1 1 - 1 1 1 - 1 - 1 1 1 - 1 1
1 - - 1 0 1 0 - 1 0 1 - 1 1 1 0 1 0 1 0 1 - 1 1 - - 1 0 1 0 1 O i l 1 1 0 IC - 1 O i l
- 5 0 1 0 0 . 2 0 0 . 1 0 - 0 . 4 3 - 0 . 1 6 - 0 . 27 - 0 41 - 0 . 1 8 0 . 2 3 0 . 08 0 . 14 - 0 . 06- 4 0 . 1 7 0 . 33 0  . 17 - 0 . 73 - 0 . 2 7 - 0 . 45 - 0 69 - 0 . 30 0 . 4 0 0 . 13 0 . 24 - 0 . 1 1- 3 0 . 1 8 0 . 3 7 0 . 18 - 0 . 8 0 - 0 . 3 0 - 0 . 50 - 0 76 - 0 . 33 0 . 4 3 0 . 14 0 . 26 - 0 . 1 2
- 2 0 . 2 0 0 . 40 0 . 2 0 - 0 . 8 8 - 0 . 3 3 - 0 . 55 - 0 84 - 0 . 36 0 . 4 8 0 . 1 6 0 . 29 - 0 . 1 3
- 1 0 . 2 2 0 . 44 0 . 2 2 - 0 . 96 - 0 . 3 6 - 0 . 60 - 0 92 - 0 . 39 0 . 5 2 0 . 17 0 . 32 - 0 . 14
0 0 . 2 3 0 . 4 6 0 . 23 - 1 . 0 0 - 0 . 3 8 - 0 . 62 - 0 95 - 0 . 4 1 0 . 54 0 . 18 0 . 33 - 0 . 1 5
1 0 . 2 2 0 . 44 0 . 2 2 - 0 . 96 - 0 . 3 6 - 0 . 60 - 0 92 - 0 . 39 0 . 52 0 . 17 0 . 32 - 0 . 1 42 0 . 2 0 0 . 4 0 0 . 2 0 - 0 . 8 8 - 0 . 3 3 - 0 . 55 - 0 84 - 0 . 36 0 . 4 8 0 . 1 6 0 . 29 - 0 . 1 33 0 . 1 8 0 . 37 0  . 18 - 0 . 8 0 - 0 . 3 0 - 0 . 50 - 0 76 - 0 . 33 0 . 4 3 0 . 1 4 0 . 26 - 0 . 1 24 0 . 1 7 0 . 33 0 . 17 - 0 . 7 3 - 0 . 2 7 - 0 . 45 - 0 69 - 0 . 30 0 . 4 0 0 . 13 0 . 24 - 0 . 1 15 0 . 1 5 0 . 31 0 . 15 - 0 . 67 - 0 . 2 5 - 0 . 42 - 0 64 - 0 . 2 7 0 . 3 6 0 . 1 2 0 . 2 2 - 0 . 1 0
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Appendix G Stress field  calculations fo r  cracking
T a b l e  G 3 ( a )  S p e c i m e n / I n d e n t  N o . ;  J l l  HC, R o t a t i o n  ( d e g ) :  - 2 0
p h i 111 111 -1--1 1 1- ■11
1--10 101-1 01. -1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
4 5 : - 0 . .16 - 0 . 27 - 0 . 11 0 . 0 4 0 . 2 0 - 0 . 17 - 0 . .15 0 . 0 9 0 . 2 4 0 . 0 2 - 0 . 02 0 . 04
5 0 : - 0 . ,18 - 0 . 31 - 0 . 14 0 . 0 3 0 . 2 3 - 0 . 21 - 0 . .17 0 . 1 1 0 . 2 9 0 . 0 2 - 0 . 03 0 . 0 6
5 5 : - 0 , .20 - 0 . 37 - 0  . 17 0 . 0 1 0 . 2 8 - 0  . 27 - 0 . .21 0 . 15 0 . 3 6 0 . 0 2 - 0 . 05 0 . 0 8
60 : - 0 . .23 - 0 . 46 - 0 . 23 - 0 . 0 3 0 . 3 5 - 0 . 38 - 0 . .28 0 . 2 1 0 . 4 8 0 . 0 2 - 0 . 10 0 . 1 2
65 : - 0 , .27 - 0 . 60 - 0 . 33 - 0 . 1 6 0 . 5 0 - 0 . 66 - 0 , .40 0 . 3 6 0 . 7 6 - 0 . 0 3 - 0 . 26 0 . 2 3
7 0 : ~ 0 ,. 72 - 0 „ 40 0 . 32 - 0 . 1 5 0 . 7 2 - 0 . 87 0, .13 0 . 68 . 0 . 5 5 - 1 . 0 0 - 1 . 00 0 . 0 0
7 5 : - 0 . .3 9 - 0 . 34 0 . 05 - 0 . 1 1 0 . 4 6 - 0 . 57 - 0 . .06 0 . 40 0 . 4 6 - 0 . 4 5 - 0 . 52 0 .0 7
80 : - 0 , .21 - 0 . 16 0 . 05 - 0 . 1 6 0 . 2 8 - 0 . 43 - 0 , .01 0 . 30 0 .3 1 - 0 . 3 5 - 0 . 42 0 . 0 7
8 5 : - 0 , .14 - 0 . 09 0 . 06 - 0 . 15 0 . 2 0 - 0 . 35 0, .01 0 . 2 4 0 . 2 3 - 0 . 3 0 - 0 . 36 0 . 0 6
90 : - 0 , .11 - 0  . 05 0 . 06 - 0 . 1 4 0 . 1 6 - 0 . 30 0, .02 0 . 2 1 0 . 1 9 - 0 . 2 7 - 0 . 32 0 . 0 5
95  : - 0 , .0 9 - 0 . 02 0 . 07 - 0 . 13 0 -1 3 - 0 . 26 0, .03 0 . 18 0 . 1 5 - 0 . 2 5 “ 0 . 29 0 .0 4
1 0 0 : - 0 , .08 - 0 . 01 0.. 07 - 0 . 1 2 0 . 1 1 - 0 . 23 0 ,.04 0 . 1 6 0 .1 2 - 0 . 2 3 - 0 . 27 0 .. 03
1 0 5 : - 0 .07 0 . 01 0 . 08 - 0 . 1 1 0 . 0 9 - 0 . 20 0 ,. 05 0 . 1 5 0 .10 - 0 . 2 2 —0 25 0 ,:03
1 1 0 : - 0 .0 6 0 . 02 0 ,. 08 - 0 . 10 0 . 0 8 - 0 . 18 0, .06 0 . 1 3 0 .08 - 0 .2 1 - 0 . 24 0 . 0 2
1 1 5 : - 0 . 0 6 0 . 03 0 . 08 - 0 . 0 9 0 . 0 7 - 0 . 16 0,.06 0 . 12 0 .06 - 0 . 2 1 - 0 . 22 0 . 0 1
1 2 0 : - 0 . 0 5 0 . 04 0 . 09 - 0 . 0 8 0 . 0 6 - 0 . 14 0..07 0 . 1 1 0 . 0 5 - 0 . 2 0 - 0 . 21 0 .0 1
1 2 5 : - 0 , . 0 5 0 . 04 0 . 09 - 0 . 0 8 0 . 0 5 - 0 . 13 0..07 0 . 10 . 0 .0 3 - 0 . 2 0 - 0 . 20 0 . 0 0
1 3 0 : - 0 . 0 5 0 . 05 0 . 10 - 0 . 07 0 . 0 5 - 0 . 11 0 ,. 08 0 . 1 0 0 .0 2 - 0 . 1 9 - 0  . 19 - 0 .00
1 3 5 : - 0 . 0 5 0 . 05 0 . 10 - 0 . 0 6 0 . 0 4 - 0  . 10 0 ,. 08 0 . 0 9 0 .0 1 - 0 . 1 9 - 0 . 18 - 0 . 01
T a b l e  G 3 (b )  S p e c i m e n / I n d e n t  N o . :  J l l  HCH, R o t a t i o n  ( d e g ) :  - 2 0
p h i 111 - 111 - 1 - 1 1 1- -11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
45 : —0 .. 38 - 0 . 78 - 0 . 39 0 . 0 2 0 . 5 6 - 0 . 54 - 0 . .47 0 . 2 8 0 . 7 6 0 . 11 —0 . 06 0 . 18
5 0 : - 0 . .47 - 0 . 84 - 0 . 37 0 . 0 9 0 .6 1 - 0 . 52 - 0 . .46 0 . 29 0 . 7 5 0 . 08 - 0 . 06 0 . 14
55 : - 0 . ,56 - 0 . 89 - 0 . 33 0 . 1 5 0 . 6 6 - 0 . 51 - 0 . .45 0 . 2 9 0 .7 4 0 . 0 4 - 0 . 06 0 . 1 060 : - 0 . .63 - 0 . 94 - 0 . 31 0 . 2 0 0 . 7 1 - 0 . 51 - 0  . 43 0 . 31 0 .74 - 0 . 00 - 0  . 08 0 . 08
65 : - 0  ,. 70 - 1 . 00 —0 . 30 0 . 1 9 0 . 7 9 - 0 . 59 - 0 , .44 0 . 37 0 .8 1 - 0 . 07 - 0  . 15 0 . 08
70 : - 0 . .92 - 0 . 91 0 . 01 0 . 2 3 0 . 8 8 - 0 . 65 - 0  . 19 0 . 4 9 0 . 68 - 0 . 50 - 0 . 46 - 0 . 04
75 : - 0 . .82 - 0 . 88 - 0  . 06 0 . 2 7 0 . 7 8 - 0  . 52 - 0 , .23 0 . 3 8 0 . 62 - 0 . 32 - 0 . 29 - 0 . 04
8 0 : - 0 . .76 - 0  . 80 - 0 . 04 0 . 2 5 0 . 7 2 - 0 . 46 - 0 , .19 0 . 35 0 . 54 - 0 . 31 - 0 . 27 - 0 . 0 5
8 5 : - 0 . .74 - 0 . 76 - 0 . 02 0 . 2 5 0 . 6 9 - 0 . 44 - 0 . .18 0 . 3 3 0 . 5 1 - 0 . 3 1 - 0 . 26 - 0 . 0 5
90 : - 0 . .72 - 0 . 74 - 0 . 02 0 . 2 4 0 . 67 - 0 . 43 - 0 . .17 0 . 33 0 . 5 0 - 0 . 3 0 - 0 . 26 - 0 . 0 5
95 : - 0 . .70 - 0 . 74 - 0  . 03 0 . 2 3 0 . 6 6 - 0 . 43 - 0 , .18 0 . 32 0 . 5 0 - 0 . 2 9 - 0  . 25 - 0 . 0 4
1 0 0 : - 0 , .68 - 0 . 74 - 0 . 05 0 . 2 3 0 . 65 - 0 . 42 - 0 . .19 0 . 3 1 0 . 5 1 - 0 . 2 6 - 0 . 23 - 0 . 0 3
1 0 5 : - 0 , . 67 —0 . 74 - 0 . 07 0 . 2 3 0 . 64 - 0 , 41 - 0 . .21 0 . 30 0 .5 1 - 0 . 2 3 - 0 . 20 - 0 . 0 3
1 1 0 : - 0 , . 65 - 0 . 75 - 0 . 10 0 . 2 4 0 . 6 3 - 0 . 39 - 0 , .23 0 . 2 8 0 . 51 - 0 . 1 9 - 0 . 17 - 0 . 0 2
1 1 5 : - 0 . . 64 - 0  . 75 —0 . 11 0 . 2 6 0 . 6 1 - 0 . 36 - 0 , .24 0 . 2 6 0 . 4 9 - 0 . 1 5 - 0 . 12 - 0 . 0 3
1 2 0 : - 0 , .63 - 0 . 74 - 0 . 12 0 . 2 8 0 . 5 9 - 0 . 31 - 0 . .24 0 . 2 2 0 . 4 6 - 0 . 10 - 0 . 07 - 0 . 0 4
1 2 5 : - 0 . .61 - 0 . 73 - 0 . 11 0 . 32 0 . 5 6 - 0 . 24 - 0 . .23 0 . 1 8 0 . 4 1 - 0 . 0 7 - 0 , 01 - 0 . 0 6
1 3 0 : - 0 . . 60 —0 . 70 - 0 . 10 0 . 35 0 . 5 2 - 0 . 17 - 0 , .21 0 . 14 0 . 34 - 0 . 0 4 0 . 04 - 0 . 0 8
1 3 5 : - 0 , .58 - 0 . 65 - 0 . 07 0 . 38 0 . 47 - 0 . 09 - 0 . .18 0 . 0 9 0 . 2 7 - 0 . 0 2 0 . 09 - 0 . 11
T a b l e  G 3 ( c )  S p e c i m e n / I n d e n t  
m i c r o n s  
X  111
No.  : 
- 1 1 1
J l l VC, R o t a t i o n
- 1 - 1 1
( d e g ) : 2 0  , X
1 -
i n
■11
1 - - 1 0 1 0 - 1 0 1 - 1 1 1 0 1 0 1 0 1 - 1 1 - - 1 0 1 0 1 O i l 1 1 0 1 0 1 - 1 O i l
- 5 : 0 , . 09 - 0 . 23 - 0 . 33 0 . 1 8 0 . 3 3 - 0 . 15 0 . . 0 2 0 . 0 7 0 . 0 5 0 . 2 5 - 0 . 17 0 . 42
- 4 : 0 , . 1 6 - 0  . 40 - 0 . 56 0 . 3 2 0 . 5 7 - 0 . 25 0 . .04 0 . 1 2 0 . 0 9 0 . 4 4 - 0 , 29 0 . 7 3
- 3 : 0 , . 17 - 0 . 44 - 0 . 62 0 . 35 0 . 6 3 - 0 . 28 0 . .04 0 . 14 0 . 1 0 0 . 48 - 0 . 32 0 . 8 0
- 2 : 0 , . 1 9 - 0 . 49 - 0 . 68 0 . 3 8 0 . 69 - 0 . 31 0 . . 05 0 . 1 5 0 . 1 1 0 . 53 - 0  . 35 0 . 88
- 1 : 0 . 2 1 - 0  . 53 - 0 . 74 0 . 42 0 . 7 5 - 0 . 34 0  ,. 05 0 . 16 0 . 1 1 0 . 58 - 0 . 39 0 . 96
0 : 0 . 2 2 —0  . 55 - 0 . 77 0 . 43 0 . 7 8 - 0 . 35 0 , . 05 0 . 17 0 . 1 2 0 . 60 - 0 . 40 1 . 0 0
1 : 0 . 2 1 - 0 . 53 —0 . 74 0 . 42 0 . 7 5 - 0 . 34 0 . . 05 0 . 1 6 0 . 1 1 0 . 58 - 0 . 39 0 . 96
2 : 0 , . 1 9 - 0 . 49 - 0 . 68 0 . 3 8 0 . 6 9 - 0 . 31 0 , . 05 0 . 1 5 0 . 1 1 0 . 53 - 0 . 35 0 . 8 83: 0 . 17 - 0 . 44 - 0  . 62 0 . 35 0 . 6 3 - 0 . 28 0 . . 04 0 . 14 0 . 1 0 0 . 48 - 0  . 32 0 . 804: 0 , . 1 6 - 0 . 40 - 0 . 56 0 . 32 0 . 5 7 - 0 . 25 0  , 04 0 . 1 2 0 . 0 9 0 . 4 4 - 0 . 29 0 . 7 35: 0 . 14 - 0 . 37 - 0  . 51 0 . 2 9 0 . 52 - 0  . 23 0 , . 0 3 0 . 1 1 0 . 0 8 0 . 40 - 0 . 27 0 . 67
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Appendix G Stress fie ld  calculations fo r  cracking
T a b l e  G 4 ( a )
p h i
S p e c i m e n / I n d e n t  N o . : J 1 7
111 -111
HC, R o t a t i o n  (d eg )  
- 1 - 1 1
15
1-11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
45 : : 0 . 0 0 - 0 . 01 - 0  . 01 - 0 . 1 0 0 . 0 6 - 0  . 16 0. ,05 0 . 1 6 0 . 1 0 - 0 . 15 - 0 . 21 0 . 0 6
50 : - 0 . 0 1 - 0 . 00 0 . 00 - 0 . 0 9 0 . 0 6 - 0  . 16 0. ,06 0 . 1 6 0 . 0 9 - 0 . 1 6 - 0 . 22 0 . 0 6
55: - 0 . 0 1 0 . 00 0 . 02 - 0 . 0 9 0 . 0 6 - 0 . 15 0. ,08 0 . 1 6 0 .0 8 - 0 . 18 - 0 . 23 0 . 0 5
60: : - 0 . 0 2 0 . 01 0 . 03 - 0 . 0 8 0 . 0 6 - 0 . 15 0, ,09 0 . 1 6 0 .0 7 - 0 . 2 0 - 0 . 24 0 . 0 4
65:1-0 . 0 3 0 . 02 0 . 05 - 0 . 07 0 . 0 7 - 0 . 14 0..11 0 . 17 0 . 0 6 - 0 . 22 - 0 . 25 0 . 0 3
70 : ; “ 0 . 0 5 0 . 02 0 . 07 - 0 . 0 6 0 .0 7 - 0 . 13 0..13 0 . 17 0 .0 4 - 0 . 2 4 - 0 . 26 0 . 0 2
75 :1-0 . 0 7 0 . 03 0 . 09 - 0 . 0 5 0 .0 7 - 0 . 13 0..15 0 . 1 8 0 . 0 2 - 0 . 2 7 - 0 . 28 0 . 0 1
80:1-0 . 0 9 0 . 03 0 . 12 - 0 . 0 4 0 .0 8 - 0 . 12 0..18 0 , 1 8 0 .0 0 - 0 . 3 1 - 0 . 30 - 0 . 0 185:1-0 . 1 2 0 . 04 0 . 16 - 0 . 0 1 0 . 0 9 - 0 . 10 0..22 0 . 1 9 - 0 . 0 3 - 0 . 3 5 - 0 . 32 - 0 . 0 3
90:1-0 . 1 7 0 . 04 0 . 21 0 . 0 2 0 .1 1 - 0 . 09 0..27 0 . 2 1 - 0 . 0 7 - 0 . 4 2 - 0 . 36 - 0 . 0 6
95: ; - 0 . 2 6 0 . 04 0 . 30 0 . 09 0 . 1 5 - 0 . 05 0 ,. 35 0 . 2 2 - 0 . 1 3 - 0 . 52 - 0 . 41 - 0 . 111 0 0 : ; - 0 . 4 9 - 0 . 03 0 . 46 0 . 2 8 0 .2 7 0 . 02 0,.51 0 . 2 5 - 0 . 2 5 - 0 . 7 2 - 0  . 49 - 0 . 2 310 5 : : - 0 . 5 5 - 0 . 40 0 . 15 0 . 05 0 . 67 - 0 . 62 0 ,. 38 0 . 73 0 . 3 6 - 0 . 88 - 1 . 00 0 . 1211 0 : : - 0 . 5 6 0 . 08 0 . 64 0 . 53 0 . 11 0 . 43 0,.55 - 0 . 06 - 0 . 61 - 0 . 57 - 0 . 12 - 0 . 4 5
11 5 : 1-0 . 4 3 - 0 . 01 0 . 41 0 . 43 0 .1 0 0 . 33 0 ,. 33 - 0 . 0 9 - 0 . 4 2 - 0 . 32 - 0  . 00 - 0 . 3 2
12 0 : ; - 0 .3 4 - 0 . 04 0 . 30 0 . 36 0 .1 0 0 . 26 0.,24 - 0 . 0 8 - 0 . 3 2 "0 . 22 0 . 02 - 0 . 2 512 5 : ; - 0 . 2 9 - 0 . 05 0 . 24 0 . 30 0 . 0 9 0 . 21 0,.18 - 0 . 0 7 - 0 . 2 5 - 0 . 1 7 0 . 03 - 0 . 20
13 0 : ; - 0 . 2 5 - 0 . 06 0 . 19 0 . 2 6 0 . 0 9 0 . 18 0,, 14 - 0 . 0 6 - 0 .2 1 - 0 . 1 3 0 . 03 - 0 . 17
1 3 5 :1-0 . 2 2 - 0 . 06 0 . 16 0 . 2 3 0 . 0 8 0 . 15 0,.12 - 0 . 0 5 - 0 .1 7 - 0 . 10 0 . 03 - 0 . 14
T a b l e  G 4 (b ) S p e c i m e n / I n d e n t No.  : J1 7 HCH,. R o t a t i o n ( deg ) 15p h i I l l - 111 - 1 - 1 1 1-■11
1-- 1 0 1C1-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 o i l
45: ; - 0 . 66 - 0 . 19 0 . 47 0 . 69 0 . 2 5 0 . 44 0 ,. 33 - 0 . 1 6 - 0 . 50 - 0 . 30 0 . 11 - 0 . 4 150:: - 0 . 7 0 - 0 . 17 0 . 53 0 . 72 0 . 2 5 0 . 47 0 ,. 40 - 0 . 1 5 - 0 . 55 - 0 . 38 0 . 07 - 0 . 4 555:1-0 . 7 4 - 0 . 15 0 . 59 0 . 7 4 0 . 2 6 0 . 48 0 ,. 46 - 0 . 1 3 - 0 . 59 - 0 . 4 6 0 . 01 - 0 . 4760:; - 0 . 7 6 - 0 . 13 0 . 63 0 . 74 0 .2 7 0 . 47 0 ,. 51 - 0 . 10 - 0 . 61 - 0 . 53 - 0  . 04 - 0 . 4 965;; - 0 . 7 8 - 0 . 13 0 . 65 0 . 7 4 0 . 2 9 0 . 45 0 ,. 54 - 0 . 0 7 - 0 . 61 - 0 . 59 - 0 . 09 - 0 . 4 970: : - 0 . 7 9 - 0 . 13 0 . 67 0 . 73 0 . 3 0 0 . 42 0 ,. 57 - 0 . 0 3 - 0 . 6 0 - 0 . 63 - 0 . 15 - 0 . 4 975: : - 0 . 8 1 - 0 . 14 0 . 67 0 . 72 0 . 3 3 0 . 40 0 ,. 58. - 0 . 0 0 - 0 . 59 - 0 . 67 - 0 . 19 - 0 . 4880: : - 0 . 8 2 - 0 . 15 0 . 67 0 . 72 0 . 3 5 0 . 37 0 ,. 59 0 . 02 - 0 . 57 - 0 . 7 0 - 0 . 22 - 0 . 4785:1-0 .8 4 - 0 . 17 0 . 67 0 . 7 2 0 .3 7 0 . 36 0,.60 0 . 0 4 - 0 . 56 - 0 . 72 - 0 . 25 - 0 . 4 7
90: : - 0 . 8 6 - 0 . 18 0 . 68 0 . 74 0 . 3 9 0 . 35 0,. 61 0 . 0 5 - 0 . 56 - 0 .7 4 - 0  . 26 - 0 . 4895: ; - 0 . 9 0 - 0 . 19 0 . 71 0 .77 0 . 4 0 0 . 37 0 ,. 64 0 . 0 5 - 0 . 5 8 - 0 . 7 6 - 0 . 27 - 0 . 5010 0 : : - 0 . 9 8 - 0 . 21 0 . 78 0 . 8 5 0 . 4 4 0 . 41 0,.69 0 . 0 5 - 0 .6 4 - 0 . 8 2 - 0 . 28 - 0 . 5 5
10 5 : : - l . 0 0 - 0 . 33 0 . 67 0 . 77 0 . 5 7 0 . 20 0,.64 0 . 2 0 - 0 . 4 4 - 0 . 8 7 - 0 . 44 - 0 . 4 3
11 0 : : - 0 . 9 9 - 0 . 12 0 . 87 0 . 96 0 . 3 3 0 . 63 0,.72 - 0 . 12 - 0 . 8 4 - 0 . 7 5 - 0 . 09 - 0 . 6 611 5 : 1-0 . 91 - 0 . 11 0 . 81 0 . 91 0 . 2 8 0 . 63 0 .65 - 0 . 1 6 - 0 .8 1 - 0 . 65 - 0 . 02 - 0 . 6 312 0 : ; - 0 . 8 5 - 0 . 06 0 . 78 0 . 8 7 0 . 2 3 0 . 64 0 ,. 62 - 0 . 1 8 - 0 . 8 0 - 0 . 60 0 . 02 - 0 . 6 212 5 : : - 0 . 7 8 - 0 . 01 0 . 77 0 . 82 0 . 1 7 0 . 65 0 ,. 61 - 0 . 2 0 - 0 .8 1 - 0 . 58 0 . 03 - 0 . 6113 0 : : - 0 . 7 0 0 . 06 0 . 76 0 . 7 5 0 .1 1 0 . 64 0 ,. 60 - 0 . 2 1 - 0 , 8 1 - 0 . 55 0 . 04 - 0 . 6 013 5 : : - 0 . 6 2 0 . 12 0 . 74 0 . 68 0 . 0 5 0 . 63 0,.59 - 0 . 2 1 - 0 . 7 9 - 0 . 53 0 . 04 - 0 . 57
T a b l e  G 4 ( c )  S p e c i m e n / I n d e n t  N o . :  J 1 7  VC, R o t a t i o n  ( d e g ) :  15 ,  x i n  m i c r o n s
X 111 - 111 - 1 - 1 1 1-■111--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
- 5  : 0. .08 0 . 2 2 0 . 14 0 . 0 8 0 . 0 3 0 . 05 - 0 .04 - 0 . 3 4 - 0 . 3 0 0 . 2 0 0 . 09 0 . 11- 4  : 0. .17 0 . 47 0 . 30 0 . 18 0 . 0 6 0 . 12 - 0 .0 8 - 0 . 7 3 - 0 . 64 0 . 4 3 0 . 20 0 . 2 3- 3 : 0. .18 0 . 51 0 . 33 0 . 2 0 0 . 0 7 0 . 13 - 0 .0 9 - 0 . 8 0 - 0 . 7 1 0 . 4 7 0 . 22 0 . 2 5
- 2 : 0. .20 0 . 57 0 . 36 0 . 2 2 0 . 0 7 0 . 14 - 0 .1 0 - 0 . 8 8 - 0 . 7 8 0 . 52 0 . 24 0 . 2 8- 1 : 0. .22 0 . 62 0 . 40 0 . 24 0 . 0 8 0 . 15 - 0 .11 - 0 . 96 - 0 . 8 5 0 . 57 0 . 26 0 . 3 00 : 0. .23 0 . 64 0 . 41 0 . 2 4 0 . 0 8 0 . 16 - 0 . 11 -1 . 0 0 - 0 . 8 9 0 . 59 0 . 27 0 . 311: 0. .22 0 . 62 0 . 40 0 . 2 4 0 . 0 8 0 . 15 - 0 .11 - 0 . 96 - 0 . 8 5 0 . 57 0 . 26 0 . 302 : 0. .20 0 . 57 0 . 36 0 . 2 2 0 . 0 7 0 . 14 - 0 . 10 - 0 . 88 - 0 . 7 8 0 . 52 0 . 24 0 . 2 83: 0. .18 0 . 51 0 . 33 0 . 2 0 0 . 0 7 0 . 13 - 0 .0 9 - 0 . 8 0 - 0 .7 1 0 . 4 7 0 . 22 0 . 2 54 : 0. .17 0 . 47 0 . 30 0 . 18 0 . 0 6 0 . 12 - 0 .0 8 - 0 . 7 3 - 0 . 64 0 . 4 3 0 . 20 0 . 2 35 : 0..15 0 . 43 0 . 28 0 . 1 6 0 . 0 6 0 . 11 - 0 .0 8 - 0 . 67 - 0 . 59 0 . 39 0 . 18 0 .2 1
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Appendix G Stress fie ld  calculations for cracking
T a b l e  G 5 ( a )  S p e c i m e n / I n d e n t  N o . ;  J 2 1  HC, R o t a t i o n  ( d e g ) :  - 5p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
45 : - 0 , .2 3 - 0 . 08 0 . 15 0 . 2 3 0 . 1 0 0 . 13 0 .1 2 - 0 . 0 3 - 0 .1 5 - 0 . 12 0. 01 - 0 . 1 35 0 : - 0 . .2 5 - 0 . 1 0 0 . 15 0 . 2 5 0 . 1 1 0 . 14 0 . 1 2 - 0 . 0 3 - 0 . 1 5 - 0 . 12 0 . 02 - 0 .1 45 5 ; - 0 . .28 - 0 . 1 2 0 . 16 0 . 2 8 0 . 1 4 0 . 14 0 .1 2 - 0 . 0 3 - 0 .1 5 - 0 . 13 0 . 02 - 0 . 156 0 : - 0 , .3 2 - 0 . 15 0 . 16 0 . 31 0 . 1 6 0 . 15 0 . 1 3 - 0 . 0 3 - 0 . 1 6 - 0 . 13 0 . 02 - 0 . 1 565 : - 0 , . 3 6 - 0 . 2 0 0 . 17 0 . 3 5 0 . 2 0 0 . 15 0 . 1 3 - 0 .03 - 0 . 1 6 - 0 . 14 0 . 02 - 0 . 1 67 0 : - 0 , .4 3 - 0 . 2 6 0 . 17 0 . 41 0 . 2 6 0 . 15 0 . 1 3 - 0 . 0 2 - 0 . 1 5 - 0 . 15 0 . 01 - 0 . 1 77 5 ; - 0 , .5 3 - 0 .3 7 0 . 16 0 . 5 0 0 . 3 7 0 . 13 0 . 1 3 0 . 00 - 0 . 1 3 - 0 . 1 6 - 0 . 00 - 0 . 1 68 0 : - 0 , .72 - 0 . 64 0 . 07 0 . 6 3 0 . 6 3 0 . 00 0 . 0 9 0 . 11 0 .0 1 - 0 . 18 - 0 . 09 - 0 . 0 98 5 : - 0 , .97 - 0 . 8 6 0 . 11 0 . 63 1 . 0 0 - 0 . 37 0 . 5 5 0 . 78 0 . 2 3 - 0 . 88 - 0 . 92 0 . 0 390 : - 0 , .60 - 0 . 7 4 - 0 . 14 0 . 43 0 . 7 3 - 0 . 29 0 . 0 3 0 . 33 0 . 3 1 - 0 . 1 9 - 0 . 32 0 . 1 39 5 : - 0 . ,33 - 0 . 54 - 0 . 20 0 . 2 0 0 . 5 2 - 0 . 32 - 0 . .04 0 . 30 0 . 34 - 0 . 0 9 - 0  . 28 0 . 1 91 0 0 : - 0  . 2 3 - 0 . 43 - 0 . 20 0 . 1 2 0 . 4 2 - 0 . 30 - 0 . 0 5 0 . 2 7 0 . 31 - 0 . 07 - 0  . 26 0 . 1 91 0 5 : - 0 , .17 - 0 . 36 - 0 . 18 0 . 0 7 0 . 3 5 —0 „ 28 - 0 .04 0 .2 4 0 . 2 9 - 0 . 0 6 - 0 . 24 0 . 1 81 1 0 : - 0 , .14 - 0 . 31 - 0 . 17 0 . 0 4 0 . 3 0 -0. . 26 - 0 .04 0 . 2 3 0 . 2 7 - 0 . 0 5 - 0 . 22 0 . 1 71 1 5 : - 0 . .11 - 0 . 2 7 - 0 . 16 0 . 0 2 0 . 2 7 - 0 . 25 - 0 .04 0 . 2 1 0 . 2 5 - 0 . 05 - 0 . 21 0 . 1 61 2 0 : - 0 , ,09 - 0 .2 4 - 0 . 15 0 . 0 1 0 . 2 4 - 0 . 23 - 0 , .0 3 0 . 2 0 0 . 2 3 —0 . 0 5 - 0 . 20 0 . 151 2 5 : - 0 , .07 - 0 . 2 1 - 0 . 14 - 0 . 0 0 0 . 2 2 - 0 . 22 - 0 . . 0 3 0 . 1 9 0 . 2 2 - 0 . 0 5 - 0 . 19 0 . 141 3 0 : - 0 . .06 - 0 . 1 9 - 0 . 13 - 0 . 0 1 0 . 2 0 - 0 . 21 - 0 .02 0 . 18 0 . 2 1 - 0 . 0 5 - 0 . 19 0 .1 41 3 5 : - 0 , .05 - 0 . 1 7 - 0 . 12 - 0 . 0 2 0 . 1 8 - 0 . 20 - 0 , .0 2 0 . 18 0 . 19 - 0 . 0 5 - 0 . 18 0 . 1 3
T a b l e  G 5 (b )
p h i
S p e c i m e n / I n d e n t  N o . : J 2 1  HCH,111 -111 R o t a t i o n  ( d e g ) : - 5  - 1 - 1 1 1 - 1 11 - 1 0 101-1 01 - 1 110 101 01 - 1 1--10 101 o i l 110 1 0 - 1 O i l
45; ; - 0 . 5 0 - 0 . 62 - 0 . 12 0 . 44 0 . 5 5 - 0 . 10 - 0 . .1 3 0 . 04 0 . 1 7 0 . 08 0 . 03 0 . 0550: : - 0 . 5 7 - 0 . 64 - 0 . 07 0 . 5 2 0 . 5 8 - 0  . 06 - 0 , .09 0 . 04 0 . 1 2 0 . 03 0 . 03 0 . 0 055: ; - 0 . 6 4 —0 . 65 - 0 . 01 0 , 58 0 . 6 0 - 0 . 02 - 0 . .04 0 . 0 3 0 .0 7 - 0 . 02 0 . 02 - 0 . 0 460: ; - 0 . 7 0 - 0 . 66 0 . 03 0 . 64 0 . 6 2 0 . 02 0..01 0 . 04 0 . 0 3 - 0 . 07 0 . 01 - 0 . 0 865; : - 0 . 7 5 - 0  . 67 0 . 08 0 . 68 0 . 6 4 0 . 04 0,.0 6 0 . 0 5 - 0 . 0 1 - 0 . 12 - 0 . 01 - 0 . 1170: : - 0 . 8 0 - 0 . 69 0 . 11 0 . 72 0 . 66 0 . 06 0..10 0 .0 7 - 0 . 0 3 - 0 . 17 - 0 . 04 - 0 . 1 375: ; - 0 . 8 5 - 0  . 72 0 . 12 0 . 7 6 0 . 7 0 0 . 05 0,. 12 0 . 0 9 - 0 . 0 3 - 0 .2 1 - 0 . 07 - 0 . 1480: ; - 0 .9 1 - 0 . 82 0 . 10 0 . 8 0 0 . 8 0 0 . 00 0,.13 0 . 1 5 0 .0 1 - 0 . 2 4 - 0  . 13 - 0 . 1 285:1-1 . 0 0 - 0 . 89 0 . 11 0 . 8 0 0 . 9 3 - 0 . 14 0,.29 0 . 3 9 0 . 1 0 - 0 . 50 - 0 . 43 - 0 . 0 790: : - 0 . 8 7 - 0 , 86 0 . 01 0 . 7 2 0 .8 4 - 0 . 12 0,.11 0 . 2 5 0 .14 - 0 . 2 6 - 0 . 23 - 0 . 0 395: : - 0 . 7 7 - 0 . 79 - 0 . 02 0 . 64 0 . 7 8 - 0 . 14 0,.08 0 .2 4 0 . 1 6 - 0 . 2 2 - 0 . 22 0 . 0 01 00 : : - 0 . 7 3 - 0 . 76 - 0 . 03 0 . 60 0 . 7 4 - 0 . 14 0..06 0 . 2 2 0 . 1 6 - 0 . 1 9 - 0 . 20 0 . 0 11 05 : : - 0 . 7 1 - 0 . 74 - 0 . 03 0 . 5 9 0 . 7 1 - 0 . 12 0..04 0 . 1 9 0 . 1 5 - 0 . 1 6 - 0 . 17 0 .0 11 10 : : - 0 . 6 9 - 0 . 71 - 0 . 02 0 . 5 9 0 . 6 8 - 0 . 10 0..03 0 . 1 6 0 . 13 - 0 . 1 3 - 0 . 13 - 0 . 0 11 15 : : - 0 . 67 - 0 . 68 - 0 . 01 0 .59- 0 . 65 - 0 . 06 0..02 0 . 1 1 0 . 1 0 - 0 . 1 1 - 0 . 08 - 0 . 0 31 20 : ; - 0 . 6 6 - 0 . 64 0 . 02 0 . 5 9 0 . 6 0 - 0 . 01 0 . 01 0 . 0 7 0 . 0 5 - 0 . 0 8 - 0  . 03 - 0 . 0 61 25 : ; - 0 . 64 - 0 . 59 0 . 05 0 . 5 9 0 . 5 5 " 0 . 04 0..02 0 . 02 0 . 00 - 0 . 07 0 . 02 - 0 . 0 91 3 0 : : - 0 . 61 - 0 . 53 0 . 09 0 . 58 0 . 4 9 0 . 10 0..03 - 0 . 03 - 0 . 0 6 - 0 . 0 6 0 . 07 - 0 . 131 35 : ; - 0 . 5 8 - 0 . 46 0 . 13 0 . 5 7 0 . 4 2 0 . 15 0,.04 - 0 . 07 - 0 .11 - 0 . 0 6 0 . 11 - 0 . 1 6
T a b l e  G 5 ( c ) S p e c i m e n / I n d e n t No.  : J 2 1 VC, R o t a t i o n ( d e g ) : 5,  X i n 1 m i c r o n s
X I l l 111 - 1 - 1 1 1-■111-- 10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 o i l
- 5 : : 0 . 0 5 - 0 . 02 - 0 . 07 0 .0 7 0 . 0 4 0 . 03 - 0 . .12 - 0 . 1 7 - 0 . 05 0 . 2 4 0 . 15 0 . 0 9- 4 : : 0 , 1 5 —0 . 06 - 0 . 21 0 . 2 1 0 . 1 1 0 . 10 - 0 . .36 - 0 . 52 - 0 . 1 6 0 . 73 0 . 46 0 .2 7- 3 : : 0 .1 7 - 0 . 06 - 0 . 23 0 . 2 4 0 . 1 3 0 . 11 - 0 . ,40 - 0 . 5 7 - 0 .17 0 . 80 0 . 51 0 . 2 9- 2 : : 0 . 1 8 - 0 . 07 - 0  . 25 0 . 2 6 0 .1 4 0 . 12 - 0 . .44 - 0 . 63 - 0 . 1 9 0 . 88 0 . 56 0 . 32- 1 : ; 0 , 2 0 - 0  . 08 - 0 . 27 0 . 2 8 0 . 1 5 0 . 13 - 0 . .48 - 0 . 69 - 0 .21 0 . 96 0 . 61 0 . 350:: 0 . 2 1 -0. . 08 —0 . 28 0 . 3 0 0 . 1 6 0 . 14 - 0 . .50 - 0 . 7 2 - 0 ,2 2 1 . 00 0 . 64 0 , 361 :: 0 . 2 0 - 0 . 08 - 0  . 27 0 . 2 8 0 . 1 5 0 . 13 - 0 . .48 - 0 . 69 - 0 .21 0 . 96 0 . 61 0 ., 352; ; 0 . 1 8 - 0 . 07 - 0  . 25 0 . 2 6 0 . 1 4 0 . 12 - 0 . ,44 - 0 . 63 - 0 .1 9 0 . 88 0 . 56 0 ., 323:: 0 . 17 - 0 . 06 - 0 . 23 0 . 2 4 0 . 13 0 . 11 - 0 . ,40 - 0 . 57 - 0 .17 0 . 80 0 . 51 0 . 2 94 :: 0 . 1 5 - 0 . 06 - 0  . 21 0 . 21 0 . 11 0 . 10 - 0 . ,36 - 0 . 52 - 0 .1 6 0 . 73 0 . 46 0 . 2 75:: 0 .1 4 - 0 . 05 - 0 . 19 0 . 2 0 0 . 11 0 . 09 - 0 . ,33 - 0 . 48 - 0 .1 5 0 . 67 0 . 42 0 .2 4
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Appendix G Stress field  calculations for cracking
T a b l e  G 6 ( a )  S p e c i m e n / I n d e n t  N o . :  J 2 9  HC, R o t a t i o n  (d eg)p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 01. - 1 110 101 01. -1 1--10 101 O i l 110 1 0 - 1 O i l
45 : - 0 . .0 8 0 . 0 8 0 . 16 0 . 0 3 0 . 0 1 0 . 02 0 . 1 3 0 . 0 2 - 0 . 1 2 - 0 . 18 - 0 . 11 - 0 . 075 0 : - 0 . .10 0 . 0 9 0 . 19 0 . 0 5 0 . 0 1 0 . 04 0 . 1 5 0 . 01 - 0 .14 —0 . 2 0 - 0 . 11 - 0 . 0 95 5 : - 0 , .12 0 . 0 9 0 . 21 0 . 0 7 0 . 0 2 0 . 05 0 .1 7 0 . 01 - 0 . 1 6 - 0 . 2 2 - 0 . 12 - 0 . 106 0 : - 0 , .14 0 . 10 0 . 24 0 . 0 9 0 . 0 2 0 . 07 0 . 1 9 0 . 0 0 - 0 . 1 9 - 0 . 25 - 0 . 12 - 0 . 1265 : - 0 , .18 0 . 10 0 . 28 0 . 1 2 0 . 0 3 0 . 10 0 . 2 3 - 0 . 0 0 - 0 . 2 3 - 0 . 2 8 - 0 . 13 - 0 . 1 57 0 : - 0 , .23 0 . 11 0 . 34 0 . 1 7 0 . 0 4 0 . 13 0 .2 7 - 0 . 0 1 - 0 .2 8 - 0 . 33 - 0 . 14 - 0 . 1 97 5 : - 0 , .33 0 . 11 0 . 43 0 . 2 6 0 . 0 7 0 . 19 0 .3 4 - 0 . 0 3 - 0 .37 - 0 . 41 - 0 . 15 - 0 . 2 68 0 : - 0 , .57 0 . 0 3 0 . 60 0 . 4 8 0 . 1 6 0 . 32 0 . 4 6 - 0 . 0 5 - 0 .5 2 - 0 . 5 5 - 0 . 14 - 0 . 4 085 : - 1 , .00 - 0 . 4 9 0 . 51 0 . 4 7 0 . 6 7 - 0 . 20 0 .2 4 0 . 2 7 0 .02 - 0 . 7 7 - 0 . 45 - 0 . 3 390 : - 0 , .68 - 0 . 2 1 0 . 48 0 . 5 6 0 . 3 0 0 . 26 0 .3 3 - 0 . 0 2 - 0 . 3 5 - 0 . 4 5 - 0 . 07 - 0 . 3 895 : —0 ,. 50 - 0 . 2 3 0 . 27 0 . 4 2 0 . 2 5 0 . 17 0 .1 7 - 0 . 0 2 - 0 . 1 9 - 0 . 2 5 0 . 00 - 0 . 2 510 0 : - 0 , .40 - 0 . 2 2 0 . 18 0 . 3 4 0 . 2 1 0 . 12 0 . 11 - 0 . 0 1 - 0 . 1 2 - 0 . 1 7 0 . 02 - 0 . 1 91 0 5 : - 0  ,. 34 - 0 . 2 1 0 . 13 0 . 2 8 0 . 1 9 0 . 09 0 .0 7 - 0 . 0 0 - 0 .08 - 0 . 1 3 0 . 02 - 0 . 1 51 1 0 : - 0 . .30 - 0 . 2 0 0 . 10 0 . 2 4 0 .1 7 0 . 07 0 .0 5 0 . 0 0 - 0 .0 5 - 0 . 10 0 . 02 - 0 . 121 1 5 : - 0 , .26 - 0 . 1 9 0 . 08 0 . 2 1 0 . 1 6 0 . 05 0 . 0 3 0 . 0 1 - 0 .02 - 0 . 0 8 0 . 02 - 0 . 101 2 0 : - 0 , .24 - 0 . 1 8 0 . 06 0 . 1 9 0 . 1 5 0 . 04 0 ,. 0 2 0 . 0 1 - 0 .01 - 0 . 07 0 . 02 - 0 . 0 91 2 5 : - 0 . .21 - 0 . 17 0 . 04 0 . 1 6 0 .1 4 0 . 02 0 ,. 0 0 0 . 01 0 .01 - 0 . 05 0 . 02 - 0 . 0 71 3 0 : - 0 , .20 - 0 . 1 7 0 . 03 0 . 1 5 0 . 1 3 0 . 01 - 0 .01 0 . 02 0 .0 2 - 0 . 0 5 0 . 02 - 0 . 0 61 3 5 : - 0 . .18 - 0 . 1 6 0 . 02 0 . 1 3 0 . 1 3 0 . 00 - 0 . 01 0 . 0 2 0 .0 3 - 0 . 0 4 0 . 01 - 0 . 0 5
T a b l e  G 6 ( b )  S p e c i m e n / I n d e n t  N o . :  J 2 9  HCH, R o t a t i o n  ( d e g ) :  - 5p h i 111 - 111 -1 - 1 1 1--111--10 1 0 - 1 01. -1 110 101 01 - 1 1--10 101 Oi l 110 1 0 - 1 o i l
4 5 : - 0 . 5 5 0 . 0 3 0 . 58 0 . 6 0 0 . 1 0 0 . 51 0 . 4 7 - 0 . 1 6 - 0 .64 - 0 . 42 0 . .03 - 0 . 4 55 0 : - 0 .5 8 0 . 0 6 0 . 64 0 . 61 0 . 1 0 0 . 51 0 . 5 2 -0 . 1 5 - 0 .6 7 - 0 . 4 8 - 0 . 01 - 0 . 4 75 5 : - 0 . 60 0 . 0 8 0 . 68 0 . 61 0 . 1 1 0 . 50 0 . 55 - 0 . 1 4 - 0 .6 9 - 0 . 54 - 0  . 05 - 0 . 4 960 : - 0 .6 2 0 . 1 0 0 . 72 0 . 60 0 .1 2 0 . 48 0 . 5 8 - 0 . 12 - 0 .7 0 - 0 . 60 - 0 . 10 - 0 . 5065 : - 0 . 6 5 0 . 1 0 0 . 75 0 . 60 0 .1 4 0 . 45 0 . 60 TO . 10 - 0 .70 - 0 . 65 - 0 . 14 - 0 . 5 070 : - 0 . 67 0 . 10 0 . 78 0 . 60 0 . 1 6 0 . 43 0,.6 1 -0 . 0 9 - 0 .7 0 - 0 . 69 - 0 . 18 - 0 . 5 175 : - 0 .7 2 0 . 0 9 0 . 81 0 . 62 0 . 1 9 0 . 43 0 . 63 -0 . 07 - 0 .7 0 - 0 . 7 3 - 0 . 20 - 0 . 5 380 : - 0 .8 2 0 . 0 4 0 . 87 0 . 69 0 .24 0 . 45 0 . 67 - 0 . 07 - 0 .74 - 0 . 7 9 - 0 . 22 - 0 . 5 885 : - 1 .0 0 - 0 . 1 8 0 . 82 0 . 69 0 . 4 5 0 . 23 0 . 5 7 0 . 0 6 - 0 . 51 - 0 . 88 - 0 . 34 - 0 . 5590 : - 0 .8 8 - 0 . 08 0 . 81 0 . 7 3 0 . 3 2 0 . 41 0 . 60 - 0 . 0 5 - 0 . 65 - 0 . 7 6 - 0 . 19 - 0 . 5795 : - 0 .8 2 - 0 . 0 9 0 . 73 0 . 68 0 . 2 9 0 . 39 0 , 54 - 0 . 0 5 - 0 .5 9 - 0 . 6 7 - 0 . 15 - 0 . 521 0 0 : - 0 .7 8 - 0 . 08 0 . 69 0 . 66 0 . 2 7 0 . 39 0.. 5 2 - 0 . 0 6 - 0 .58 - 0 . 64 - 0 . 13 - 0 . 5 01 0 5 : - 0 .74 - 0 . 0 6 0 . 68 0 . 6 5 0 . 2 5 0 . 40 0,. 5 2 - 0 . 0 7 - 0 .5 9 - 0 . 61 - 0 . 12 - 0 . 4 91 1 0 : - 0 .71 - 0 . 0 3 0 . 68 0 . 63 0 . 2 2 0 . 41 0 . 5 2 - 0 . 0 8 - 0 .6 0 - 0 . 59 - 0 . 11 - 0 . 4 91 1 5 : - 0 . 66 0 .0 1 0 . 68 0 . 61 0 .1 8 0 . 43 0,. 5 3 - 0 . 1 0 - 0 .6 2 - 0 . 58 - 0 . 10 - 0 . 4 81 2 0 : - 0 .61 0 . 0 6 0 . 67 0 . 5 8 0 . 1 4 0 . 44 0 , 5 3 - 0 . 1 1 - 0 .64 - 0 . 57 - 0 . 10 - 0 . 4 71 2 5 : - 0 . 5 5 0 .1 1 0 . 66 0 . 5 3 0 .1 0 0 . 43 0 . 5 3 - 0 . 1 1 - 0 . 64 - 0 . 55 - 0 . 10 - 0 . 4 51 3 0 : - 0 .4 8 0 . 1 6 0 . 64 0 . 4 8 0 . 0 6 0 . 42 0 . 5 2 - 0 . 1 1 - 0 . 6 3 - 0 . 53 - 0 . 11 - 0 . 4 21 3 5 : - 0 .4 1 0 . 2 0 0 . 61 0 . 41 0 .0 2 0 . 39 0 . 5 0 -0 . 1 1 - 0 . 61 - 0 . 50 - 0 . 11 - 0 . 39
T a b l
X
e  G 6 ( c )  S p e c i m e n / I n d e n t  
111
No.  : 
- 1 1 1
J 2 9  VC, R o t a t i
-1 -
]
Lon
-11
( d e g ) : - 5 ,  X i n  m i c r o n s  
1 - 1 11--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l 110 1 0 - 1 O i l
- 5 : 0,.07 0..18 0,.11 0. .09 - 0 . ,08 0,. 17 0, ,07 - 0 . .20 - 0 .26 0 ., 09 0,.1 0 - 0 . .02- 4 : 0,.18 0..4 9 0.. 31 0. .24 - 0 . ,23 0.. 47 0. .18 - 0 . .55 - 0 . .73 0 . 24 0,.2 9 - 0 . . 04- 3 : 0,.20 0..5 3 0..34 0. .27 - 0 . ,25 0, .51 0 ,. 20 - 0 . . 60 - 0 . .80 0. .26 0 .31 - 0 . . 05- 2 : 0. .22 0 ,. 5 9 0..37 0. .29 - 0 , ,28 0..5 7 0. .22 - 0 . . 66 - 0 , .88 0 . 29 0..3 5 - 0 . . 05- 1 : 0,.24 0.. 64 0.. 40 0. .32 - 0 . ,30 0. . 62 0 ,. 24 - 0 . .72 - 0 . . 96 0 . 32 0..3 8 - 0 . .060: 0, .25 0., 67 0.. 42 0 . 33 - 0  , 31 0. . 64 0.,2 5 - 0 . .75 - 1 ,. 00 0 ., 33 0 . 39 - 0 . .061: 0,.24 0. , 64 0..40 0. .32 - 0 . ,30 0. . 62 0, ,24 - 0 . , 72 - 0 . . 96 0 ., 32 0,.38 - 0 . .062 : 0 ,. 22 0 . 59 0 . 37 0 , 29 - 0 , ,28 0 ,. 57 0 . 22 - 0 . . 66 - 0  ,. 88 0. .29 0 .3 5 - 0 . .0 53: 0..20 0. .53 0 ,. 34 0..27 - 0  ,. 25 0 ,. 51 0 ,. 20 - 0 , .60 - 0 .80 0 ,. 2 6 0 .31 - 0 , . 0 54: 0 .18 0.. 4 9 0 ,. 31 0,.24 - 0 , .2 3 0.. 47 0 . 18 - 0  ,. 55 - 0 .7 3 0. . 24 0 . 2 9 - 0 , .045: 0 .17 0.. 45 0..28 0..2 2 - 0  . 21 0.. 43' 0. .17 - 0  ,. 50 - 0 . 67 0. . 22 0 . 2 6 - 0  ,. 04
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Appendix G Stress field  calculations for cracking
T a b l e  G 7 ( a )  S p e c i m e n / I n d e n t  N o . :  G1 HC, R o t a t i o n  ( d e g ) :  10p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 - 1 1--10 101 O i l . 110 1 0 - 1 O i l
45 : 0,.10 0 . 05 - 0 . 05 0 . 0 3 0 .0 4 - 0 . 01 - 0 .0 4 - 0 . 1 3 - 0 . 0 9 0 . 1 8 0 . 04 0 . 1 450 : 0, .10 0 . 04 - 0 . 05 0 . 0 5 0 . 0 6 - 0 . 01 - 0 .04 - 0 . 13 - 0 . 0 9 0 . 1 9 0 . 03 0 . 1 55 5 : 0, .0 9 0 . 0 3 - 0 . 06 0 . 0 6 0 . 0 7 - 0 . 02 - 0 . 0 5 - 0 . 1 3 - 0 . 0 9 0 . 19 0,. 03 0 . 1 660 : 0,.08 0 . 0 1 - 0 . 07 0 . 0 7 0 . 0 9 - 0  . 02 - 0 . 0 5 - 0 . 1 3 - 0 . 0 9 0 . 2 0 0 . 03 0 . 1 765 : 0..07 - 0 . 0 0 -0. , 07 0 . 0 9 0 . 11 - 0 . 03 - 0 . 0 5 - 0 . 13 - 0 .0 8 0 . 2 1  . 0 . 02 0 . 1970 : 0, .0 6 - 0 . 02 - 0 . 08 0 . 10 0 . 1 4 - 0 . 03 - 0 .0 6 - 0 . 1 4 - 0 .0 8 0 . 22 0 . 02 0 . 2 07 5 : 0 ,. 0 5 - 0 . 05 - 0 . 10 0 . 12 0 . 1 7 - 0 . 04 - 0 . 0 6 - 0 . 1 4 - 0 . 0 8 0 . 2 3 0 . 02 0 . 2 28 0 : 0, .03 - 0 . 08 - 0 . 11 0 . 1 5 0 . 2 1 - 0  . 06 - 0 .07 - 0 . 14 - 0 .0 7 0 . 2 5 0 . 02 0 . 2 48 5 : 0. .00 - 0 . 13 - 0 . 13 0 . 18 0 . 2 6 - 0 . 08 - 0 .0 9 - 0 . 15 - 0 . 0 5 0 . 2 8 0 . 02 0 . 2 69 0 : - 0 , .04 - 0 . 2 1 - 0 . 17 0 . 2 3 0 .3 4 - 0 . 11 - 0 .14 - 0 . 1 6 - 0 . 0 2 0 . 3 2 0 . 03 0 . 309 5 : - 0 . .14 - 0 . 37 - 0 . 23 0 . 2 8 0 .4 7 - 0  . 19 - 0 .2 7 - 0 . 1 8 0 . 0 9 0 . 4 0 0 . 08 0 . 3 21 0 0 : 0, .37 0 . 1 1 - 0 . 27 - 0 . 14 0 .0 7 - 0 . 21 - 0 .77 - 0 . 7 3 0 . 0 3 1 . 0 0 0 . 56 0 .4 41 0 5 : - 0 , .41 - 0 . 60 - 0 . 19 0 . 3 1 0 .5 4 - 0 . 22 - 0 . 2 2 0 . 0 6 0 . 2 9 0 . 1 3 -0. , 00 0 . 1 31 1 0 : - 0 , .31 - 0 . 42 - 0 . 11 0 . 1 5 0 . 3 1 - 0 . 16 - 0 . 2 0 0 . 07 0 .27 0 . 0 4 0., 04 0 . 0 01 1 5 : - 0 , .24 - 0 . 3 2 - 0  . 08 0 . 0 8 0 .2 1 - 0  . 13 - 0 . 17 0 . 0 6 0 . 2 3 0 . 02 0 . 05 - 0 . 0 31 2 0 : - 0  ,. 19 - 0 . 2 5 - 0 . 06 0 . 0 5 0 . 1 5 - 0 . 10 - 0 . 1 6 0 . 0 5 0 . 2 0 0 . 01 0 . 05 - 0 .0 41 2 5 : - 0 , ,16 - 0 . 2 1 - 0 . 05 0 . 0 2 0 .11 - 0 . 09 - 0 . 1 5 0 . 04 0 .1 8 0 .0 1 0 . 06 - 0 . 0 51 3 0 : - 0  , 14 - 0 . 17 - 0 . 04 0 . 0 1 0 .0 8 - 0  . 08 - 0 . 14 0 . 0 3 0 .1 7 0 . 01 0 . 06 - 0 . 0 51 3 5 : - 0 . ,12 - 0 . 1 5 -0. , 03 - 0 . 0 1 0 . 0 6 - 0  . 07 - 0 . 1 3 0 . 0 2 0 . 1 5 0 . 0 1 0 . 06 - 0 . 0 5
T a b l e  G 7 ( b )  S p e c i m e n / I n d e n t  N o . :  G1 HCH, R o t a t i o n  ( d e g ) :  10
p h i 111 - 111 - 1 - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
4 5 : - 0 , .5 5 - 0 . 69 - 0 . 14 0 . 2 1 0 . 4 6 - 0 . 25 - 0 . 2 9 0 . 1 9 0 . 4 8 - 0 .0 4 0. 04 - 0 . 0 950 : - 0 , .57 - 0 . 75 - 0 . 17 0 . 2 7 0 .5 4 - 0 . 27 - 0 .30 0 . 18 0 .4 8 —0 . 0 0 0. 03 - 0 . 0 35 5 : - 0 .58 - 0 . 7 8 - 0 . 20 0 . 3 1 0 . 60 - 0 . 29 - 0 .31 0 . 1 5 0 . 4 6 0 . 0 5 0. 02 0 . 0 260 : - 0  ,. 5 7 - 0 . 7 9 - 0 . 23 0 . 3 5 0 . 64 - 0 . 30 - 0 . 32 0 . 12 0 . 4 5 0 . 10 0 . 03 0 . 0865: - 0 , .5 5 - 0 . 7 9 - 0 . 25 0 . 3 7 0 . 67 - 0 . 31 - 0 .34 0 . 0 8 0 . 4 3 0 . 1 6 0 . 04 0 . 1270 : - 0 , .52 - 0 . 7 8 - 0 . 26 0 . 3 7 0 . 68 - 0 . 31 - 0 .3 7 0 . 0 4 0 .41 0 . 2 2 0 . 06 0 . 1 675 : - 0 , .50 - 0 . 7 7 - 0  . 27 0 . 37 0 . 6 9 - 0 . 32 - 0 . 3 9 0 . 01 0 .4 0 0 . 27 0 . 08 0 . 1 980 : - 0 . .48 - 0 . 7 6 - 0 . 28 0 . 36 0 . 68 - 0  . 32 - 0 . 42 - 0 . 03 0 . 4 0 0 . 31 0 . 10 0 .2 185 : - 0 , .47 - 0 . 76 - 0 . 29 0 . 3 6 0 . 6 9 - 0  . 33 - 0 . 4 5 - 0 . 05 0 . 4 0 0 . 34 0 . 12 0 . 2 290 : - 0 , .48 - 0 . 7 9 - 0 . 30 0 . 3 6 0 .7 1 - 0  . 35 - 0 .4 8 - 0 . 06 0 . 4 3 0 . 36 0 . 13 0 . 2 395 : - 0 , .5 3 - 0 . 8 6 - 0 . 33 0 . 3 8 0 . 7 6 - 0  . 38 - 0 .54 - 0 . 0 6 0 .4 8 0 . 39 0 . 16 0 . 2 31 0 0 : - 0 , .3 3 - 0 . 6 7 - 0 . 34 0 . 2 0 0 . 5 9 - 0 . 39 - 0 , .7 5 - 0 . 2 8 0 .4 7 0 . 62 0 . 36 0 .2 71 0 5 : - 0 , .69 - 1 . 0 0 - 0 . 31 0 . 42 0 . 8 1 - 0 . 40 - 0 , .4 9 0 . 09 0 .5 8 0 . 2 1 0 . 09 0 . 121 1 0 : - 0 . .68 - 0 . 9 5 - 0 . 27 0 . 3 8 0 . 7 5 - 0 . 37 - 0 , .44 0 . 1 3 0 .57 0 . 1 3 0 . 07 0 . 0 51 1 5 : - 0 . .68 - 0 . 9 4 - 0 . 25 0 . 3 9 0 . 7 4 - 0 . 35 - 0 , .38 0 . 17 0 .54 0 . 0 9 0 . 03 0 . 0 61 2 0 : - 0 . ,69 - 0 . 93 - 0 . 24 0 . 43 0 . 7 5 - 0 . 33 - 0 , . 31 0 . 2 0 0 .5 1 0 . 0 4 - 0 . 02 0 . 0 61 2 5 : - 0 . ,69 - 0 . 92 - 0 . 24 0 . 4 7 0 . 7 7 - 0 . 31 - 0 . ,2 3 0 . 2 3 0 . 4 6 0 . 0 1 - 0 . 07 0 . 0 81 3 0 : - 0 . , 68 - 0 . 9 0 - 0 . 23 . 0 . 5 0 0 . 7 8 - 0 . 28 - 0 . 1 6 0 . 2 5 0 . 4 0 - 0 . 0 2 - 0 . 13 0 . 111 3 5 : - 0 , .65 - 0 . 8 7 - 0 . 22 0 . 5 3 0 . 7 8 - 0  . 25 - 0 , . 0 8 0 . 2 5 0 .3 4 - 0 . 03 - 0 . 17 0 . 14
T a b l e  G 7 ( c )  S p e c i m e n / I n d e n t  N o . :  G1 VC, R o t a t i o n  ( d e g ) : 10 ,  x i n  m i c r o n s
X 111 - 1 1 1 - 1 - -11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l 110 1 0 - 1 O i l
- 5  : - 0 .3 2 - 0 , . 1 5 0 . 1 6 0 ,. 27 0, ,07 0,, 20 0 .21 0 , 09 - 0 , . 12 - 0 , .2 5 - 0 .01 - 0 , , 24- 4 : - 0 . 7 3 - 0 , . 36 0 .37 0,. 63 0 ., 16 0 , 47 0 .4 9 0,,2 2 - 0 , .28 - 0 . . 59 - 0 . 02 - 0 , . 56- 3 : - 0 , . 8 0 - 0 . 39 0 . 41 0,.7 0 0 , 18 0. . 52 0 . 54 0 , 24 - 0 , ,30 - 0 , , 64 - 0 . 0 2 - 0  ,. 62- 2 : - 0 , .8 8 - 0 , . 43 0,. 4 5 0,. 77 0. ,20 0 , 57 0 .6 0 0 , 2 6 - 0 , ,34 - 0 . . 71 - 0 .0 3 - 0 , . 69- 1 : - 0 . 9 6 - 0 , .47 0,. 4 9 0 , 84 0. . 2 2 0 , 62 0,. 65 0 . 2 9 - 0 . ,37 - 0 . . 78 - 0 .0 3 - 0 . .750 : - 1 ,. 0 0 - 0 . . 49 0 .51 0,. 87 0. .22 0, , 65 0 .6 8 0,, 30 - 0 , ,38 - 0  ,. 81 - 0 .0 3 - 0  ,. 781: - 0 , . 9 6 - 0  ,. 47 0 .4 9 0. , 84 0 , 22 0 ,. 62 0 . 65 0,, 2 9 - 0 , ,37 - 0  ,. 78 - 0 .0 3 - 0  ,. 752 : - 0 .88 - 0 , . 43 0 . 4 5 0.. 77 0. ,20 0. , 57 0 . 6 0 0. , 2 6 - 0 . .34 - 0 , .71 - 0 . 0 3 - 0 . . 693: - 0 .80 - 0 , . 3 9 0 .41 0,,70 0, ,18 0. .5 2 0 .54 0,.24 - 0 , ,30 - 0 , . 64 - 0 .02 - 0 , , 624 : - 0 , . 7 3 - 0 . 3 6 0 .3 7 0.. 63 0. ,16 0 ,. 47 0 . 4 9 0.. 22 - 0 , ,28 - 0  . 59 - 0 . 0 2 - 0 . . 565: - 0 , . 67 - 0 , . 33 0 . 34 0,, 58 0 , 15 0 , 4 3' 0 . 4 5 0.. 20 - 0 . .25 - 0  . 54 - 0 .02 - 0  ., 52
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Appendix G Stress field  calculations for cracking
T a b l e  G 8 ( a )  S p e c i m e n / I n d e n t  N o . :  G5 HC, R o t a t i o n  ( d e g ) :  10p h i 111 - 111 -1' - 1 1 1--111--10 1 0 - 1 0 1 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
4 5 : 0 .01 - 0 . 0 8 - 0  . 08 - 0 . 0 6 0 . 1 0 - 0 . 15 0..0 7 0 . 2 1 0 . 1 3 - 0 .1 2 - 0 . 23 0 . 105 0 : 0,.0 0 - 0 . 07 - 0 . 07 - 0 . 0 5 0 . 1 0 - 0 , 15 0..0 9 0 . 2 2 0 . 1 3 - 0 . 14 - 0 . 24 0 . 105 5 : - 0  ,. 0 0 - 0 . 0 7 - 0  . 07 - 0 . 0 5 0 .1 0 - 0  . 15 0,. 11 0 . 2 3 0 . 1 2 - 0 . 1 6 - 0 . 25 0 . 0 96 0 : - 0 , .01 - 0 . 07 - 0  . 05 - 0 .0 4 0 . 1 0 - 0  . 14 0,.1 3 0 . 2 4 0 .1 1 - 0 . 1 8 - 0  . 27 0 .0 86 5 : - 0 . 0 2 - 0 . 0 6 - 0  . 04 - 0 . 0 4 0 .1 0 - 0 . 13 0,.1 5 0 . 2 5 0 . 1 0 - 0 . 2 1 - 0 . 29 0 . 0 87 0 : - 0  ,. 0 3 - 0 . 0 6 - 0 . 03 - 0 . 0 3 0 . 1 0 - 0  . 13 0,.18 0 . 2 7 0 . 0 9 - 0 . 2 4 —0 . 31 0 , 0 67 5 : - 0 , .0 5 - 0 . 0 6 - 0  . 01 - 0 . 0 1 0 . 1 0 - 0 . 12 0..2 2 0 . 2 9 0 .0 7 - 0 . 28 - 0 . 33 0 . 0 58 0 : - 0 , .08 - 0 . 0 6 0 . 02 0 . 0 1 0 . 1 1 - 0 . 10 0. .26 0 . 31 0 . 0 5 - 0 . 33 - 0 . 36 0 . 0 38 5 : - 0 , .12 - 0 . 0 6 0. 06 0 . 0 4 0 . 1 2 - 0  . 08 0, .33 0 . 3 5 0 . 0 2 - 0 . 41 - 0 . 40 - 0 ..009 0 : - 0 , .19 - 0 . 0 7 0 . 12 0 . 10 0 .1 4 - 0 . 03 0 . 43 0 . 40 - 0 . 0 3 - 0 . 53 - 0  . 47 - 0 . 0 69 5 : - 0 . . 41 - 0 . 1 3 0 . 29 0 . 3 0 0 . 2 1 0 . 09 0 ,. 65 0 . 4 8 - 0 .17 - 0 . 7 7 - 0 . 56 - 0 . 211 0 0 : - 0 . . 67 - 0 . 77 - 0 . 10 0 . 39 0 . 8 3 - 0 . 44 0 .. 5 6 0 . 94 0 .3 8 - 0 .8 4 - 1 . 00 0 . 1 61 0 5 : - 0 , .51 0 . 03 0 . 54 0 . 48 0 . 0 3 0.. 45 0.. 68 0 . 1 8 - 0 . 51 - 0 . 7 2 - 0 . 24 - 0 . 481 1 0 : - 0 , .42 - 0 . 0 1 0 . 41 0 . 40 0 . 0 3 0 . 37 0, , 44 0 .0 4 - 0 . 4 0 - 0 . 4 5 - 0 . 07 - 0 . 3 81 1 5 : - 0 , .3 5 - 0 . 0 3 0 . 32 0 . 3 4 0 . 0 4 0 . 30 0, .32 0 . 01 - 0 . 3 2 - 0 . 33 - 0 . 02 - 0 .. 311 2 0 : - 0 , .30 - 0 . 0 4 0 . 27 0 . 30 0 .0 4 0 . 26 0 . 2 5 - 0 . 01 - 0 . 2 6 - 0 . 2 6 0 . 00 - 0 . 2 61 2 5 : - 0 , .27 - 0 .0 4 0 . 23 0 . 2 7 0 .0 4 0 . 22 0 . 21 - 0 . 0 2 - 0 . 2 2 - 0 . 2 1 0 . 01 - 0 . 2 21 3 0 : - 0  ,. 24 - 0 . 05 0 . 19 0 . 24 0 . 0 5 0 . 19 0 . 17 - 0 . 02 - 0 . 1 9 - 0 . 1 7 0 . 02 - 0 . 201 3 5 : - 0  ,. 22 - 0 . 05 0 . 17 0 . 2 2 0 . 0 5 0 . 17 0. .14 -0 . 02 - 0 .17 - 0 . 1 5 0 . 03 - 0 . 17
T a b l e  (G8 (b) S p e c i m e n / I n d e n t No.  : G5 HCH, R o t a t i o n ( d e g )  : 10p h i 111 - 111 - 1 - 1 1 1 -111 - 1 0 1 0 - 1 01. -1 110 101 01 - 1 1 -10 101 O i l 110 1 0 - 1 O i l
45: : - 0 . 5 4 0 . 0 2 0 . 56 0 . 55 0 . 0 0 0 . 54 0 . 52 - 0 . 0 5 - 0 . 5 7 - 0 . 51 0 . 0 3 - 0 . 5 450; : - 0 . 56 0 . 0 3 0 . 58 0 . 5 6 0 . 0 0 0 . 55 0 . 5 8 0 . 0 0 - 0 .5 8 - 0 .5 9 - 0 . 0 3 - 0 . 5 555: : - 0 . 5 7 0 . 0 3 0 . 60 0 . 5 6 0 . 01 0 . 54 0 . 64 0 . 0 6 - 0 .5 8 - 0 . 65 - 0 . 1 0 - 0 . 5660: : - 0 . 5 8 0 . 02 0 . 60 0 . 5 6 0 . 0 3 0 . 52 0 . 6 8 0 . 11 - 0 .5 7 - 0 . 7 1 - 0 . 1 6 - 0 . 5 565: ; - 0 . 5 9 - 0 . 00 0 . 59 0 . 5 5 0 . 0 6 0 . 49 0 . 7 2 0 . 17 - 0 . 5 5 - 0 . 7 5 - 0 .2 2 - 0 . 5 370: : - 0 . 60 - 0 . 0 3 0 . 58 0 . 55 0 . 0 8 0 . 46 0 .7 4 0 . 2 1 - 0 . 52 - 0 . 7 9 - 0 .2 7 - 0 . 5275: : - 0 . 61 - 0 . 0 5 0 . 56 0 . 5 5 0 . 11 0 . 44 0 . 7 5 0 . 2 5 - 0 .5 0 - 0 . 8 2 - 0 .3 2 - 0 . 5 080: : - 0 . 63 - 0 . 0 8 0. 55 0 . 56 0 .1 4 0 . 42 0 . 7 7 0 . 2 8 - 0 .4 8 - 0 . 8 4 - 0 ,.35 - 0 .4 985: : - 0 . 65 - 0 . 1 0 0 . 56 0 . 58 0 . 1 6 0 . 41 0 . 7 9 0 . 31 - 0 .4 8 - 0 . 8 6 - 0 .3 7 - 0 . 4990: : - 0 . 69 - 0 . 1 1 0 . 58 0 . 61 0 . 1 8 0 . 43 0 . 8 2 0 . 32 - 0 . 4 9 - 0 . 90 - 0 . 3 9 - 0 . 5195: ; - 0 . 7 7 - 0 . 1 3 0 . 64 0 . 68 0 .2 0 0 . 48 0 . 8 9 0 . 34 - 0 . 55 - 0 . 98 - 0 .41 - 0 . 571 0 0 : : - 0 . 8 6 - 0 . 34 0 . 52 0 . 7 2 0 .4 0 0 . 31 0 . 8 6 0 . 4 8 - 0 . 3 8 - 1 . 0 0 - 0 . 54 - 0 . 4 61 0 5 : ; - 0 , 8 0 - 0 . 04 0 . 76 0 . 7 5 0 .1 0 0 . 64 0,.9 0 0 . 2 0 - 0 .71 - 0 . 9 5 - 0 . 2 6 - 0 . 691 1 0 : : - 0 .7 4 - 0 . 0 1 0 . 73 0 . 71 0 .0 7 0 . 64 0,.8 2 0 . 13 - 0 . 69 - 0 . 8 5 - 0 .1 8 - 0 .6 71 1 5 : : - 0 . 6 9 0 . 0 3 0 . 71 0 . 66 0 . 0 3 0 . 64 0 . 7 9 0 . 10 - 0 . 6 9 - 0 . 81 - 0 . 1 5 - 0 . 6 61 2 0 :1-0 . 6 2 0 . 0 7 0 . 70 0 . 61 -0 . 0 2 0 . 63 0.. 7 6 0 . 0 8 - 0 . 69 - 0 . 7 8 - 0 .1 3 - 0 .6 41 2 5 : : - 0 . 5 6 0 . 1 2 0 . 68 0 . 5 5 - 0 . 0 6 0 . 61 0.. 74 0 . 07 - 0 . 67 - 0 . 75 - 0 .1 3 - 0 . 621 3 0 : 1-0 .4 8 0 . 1 7 0 . 65 0 . 4 8 - 0 . 1 0 0 . 59 0,.71 0 . 0 6 - 0 . 65 - 0 . 71 - 0 .1 3 - 0 . 591 3 5 : - 0 .4 0 0 . 2 0 0 . 60 0 . 4 1 - 0 .1 4 0 . 54 0 ,. 6 8 0 . 0 7 - 0 . 61 - 0 . 67 - 0 , .1 3 - 0 .5 4
T a b l e  G 8 ( c )  S p e c i m e n / I n d e n t  N o . : G5 VC, R o t a t i o n  ( d e g ) : 10 ,  x i n  m i c r o n s
X 111 - 1 1 1 -1 -
]
-11 1--111--10 1 0 - 1 0 1 - 1 110 101 0 1 - 1 1--10 LOI O i l 110 1 0 - 1 O i l
- 5 : 0 . 0 3 0,.2 9 0 .2 6 0..00 - 0 . .09 0 ,. 10 0 .01 - 0 . .2 8 - 0 , .30 0..02 0 .0 8 - 0 . .06- 4  : 0 . 0 8 0, . 72 0 .64 0 ,. 01 - 0  . 23 0. . 24 0 . 0 3 - 0 . .70 - 0 , .73 0 ,. 0 6 0 .21 - 0  , 15- 3 : 0 . 0 9 0. .79 0 .70 0,.01 - 0  . 25 0 ,. 2 6 0 . 0 3 - 0 , . 77 - 0  ,. 80 0, ,0 6 0 . 2 3 - 0 , . 16- 2 : 0 . 1 0 0 . 87 0 .7 8 0,, 01 - 0  . 27 0 ,. 2 9 0 .04 - 0 . .85 - 0 . .88 0 ,, 07 0 . 2 5 - 0 . .18- 1 : 0 .10 0. , 95 0 .8 5 0., 01 - 0 . .30 0 ,. 31 0 .04 - 0 , . 92 - 0 , .96 0 ., 08 0 .27 - 0  ,. 190 : 0 . 11 0 ,. 99 0..88 0, .01 - 0 . ,31 0, . 32 0 .04 - 0 . .9 6 - 1 ,. 00 0 . 08 0 .2 8 - 0 , ,201: 0 . 10 0 . 95 0 .85 0. .01 - 0 . ,30 0. . 31 0 .04 - 0 . , 92 - 0  . 96 0. .08 0 .27 - 0 , .192 : 0 . 10 0. . 87 0 .78 0 . 01 - 0  . 27 0,, 2 9 0 .04 - 0 . .8 5 - 0  ,. 88 0, . 07 0 . 2 5 - 0 . . 183: 0 . 0 9 0, ,79 0 .70 0 , 01 - 0 . .25 0. ,2 6 0 . 0 3 - 0 . , 77 - 0 , ,80 0, ,0 6 0 .2 3 - 0 , .164: 0 .08 0 ., 72 0 . 64 0 ,.01 - 0  . 23 0 , 24 0 . 0 3 - 0 . . 70 - 0 . ,73 0 , 06 0 .21 - 0 . ,155 : 0 .07 0. . 66 0 . 59 0 , 01 - 0  . 21 0. , 22- 0 .0 3 - 0  . 64 - 0 . . 67 0 , 05 0 .1 9 - 0  . 13
289
Appendix G Stress field  calculations for cracking
T a b l e  G 9 ( a )  S p e c i m e n / I n d e n t  N o . :  G9 HC, R o t a t i o n  ( d e g ) : 10
p h i 111 111 - 1 - 1 1 1- 11
1--10 1 0 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 1 0 - 1 O i l
4 5 : - 0 , ,04 - 0 .1 4 - 0 . 10 - 0 . 0 8 0 . 1 5 - 0 . 23 - 0 , .05 0 . 17 0 .2 2 - 0 . 0 6 - 0  . 18 0 . 12
5 0 : - 0 , ,04 - 0 . 1 4 - 0  . 10 - 0 . 0 8 0 . 1 6 - 0 . 24 - 0 , ,05 0 . 1 8 0 . 2 2 - 0 . 0 8 - 0  . 20 0 . 12
55 : - 0 , ,04 - 0 . 13 - 0 . 10 - 0 . 0 9 0 . 1 6 - 0  . 25 - 0 , ,04 0 . 19 0 . 2 3 ^0 . 09 - 0 . 21 0 . 12
60 : - 0 . ,04 - 0 . 1 3 - 0 . 09 - 0 . 1 0 0 . 1 7 —0 „ 26 - 0 . ,03 0 . 2 0 0 . 2 3 - 0 . 11 - 0 . 23 0 . 12
65 : - 0 . ,05 - 0 . 1 3 - 0 . 08 - 0 „ 10 0 . 1 7 - 0 . 28 - 0 , ,02 0 .2 1 0 . 2 3 - 0 . 1 3 - 0 . 26 0 . 12
7 0 : - 0 , .05 - 0 . 12 - 0 . 07 - 0 . 11 0. . 1 8 - 0  . 29 - 0 , ,00 0 . 2 3 0 . 2 3 - 0 . 1 6 - 0 . 28 0 . 127 5 : - 0 , ,06 - 0 . 1 2 - 0 . 05 - 0 . 1 2 0 . 1 9 - 0 . 30 0,.01 0 . 2 4 0 . 2 3 - 0 . 1 9 - 0 . 32 0 . 12
80 : - 0 , .08 - 0 . 11 - 0 . 03 - 0 . 1 2 0 . 2 0 - 0 . 32 0..04 0 . 2 7 0 . 2 3 - 0 . 2 4 - 0 . 36 0 . 12
85 : - 0 , .11 - 0 . 1 0 0 . 01 - 0 . 12 0 . 2 2 - 0 . 35 0,.07 0 . 3 0 0 .2 2 - 0 . 3 0 - 0 . 42 0 . 12
90 : - 0 , .16 - 0 . 0 8 0 . 08 - 0 . 11 0 . 2 6 - 0 . 37 0,.14 0 . 3 4 0 . 2 0 - 0 . 42 - 0  . 51 0 . 10
95 : - 0 , .3 3 - 0 . 0 5 0 . 28 - 0 . 0 1 0 . 3 4 - 0  . 36 0,.32 0 . 3 8 0 .0 7 - 0 . 6 6 - 0  . 68 0 , 0 1
1 0 0 : - 0 , .83 - 0 . 7 5 0 . 08 0 . 30 1 . 0 0 —0 . 70 0,.19 0 . 63 0 .4 4 - 0 . 71 - 0 . 88 0 „ 17
1 0 5 : - 0 , .32 0 . 2 5 0 . 57 0 . 1 1 0 . 1 0 0 . 01 0,.51 0 . 1 5 - 0 . 3 6 - 0 . 7 2 - 0  . 50 - 0 . 22
1 1 0 : - 0 , .27 0 . 2 0 0. 47 0 . 1 8 0 .0 4 0 . 13 0 ,. 39 0 . 0 2 - 0 .3 7 - 0 . 4 9 - 0  . 26 - 0 . 2 3
1 1 5 : - 0 . .24 0 . 1 5 0 . 39 0 . 1 8 0 . 0 3 0 . 15 0..32 - 0 . 01 - 0 . 3 3 - 0 . 3 7 - 0 . 17 - 0 . 2 0
1 2 0 : - 0 . .21 0 . 1 2 0 . 33 0 . 18 0 . 0 3 0 . 15 0,.27 - 0 . 0 3 - 0 .3 0 - 0 . 30 - 0  . 12 - 0 .1 8
1 2 5 : - 0 , .1 9 0 . 10 0 . 29 0 . 17 0 . 0 3 0. 14 0 ,. 23 - 0 . 04 - 0 .27 - 0 . 2 6 - 0 . 09 - 0 . 1 6
1 3 0 : - 0 , .18 0 . 0 8 0 . 26 0 . 1 6 0 . 0 3 0 . 14 0 ,. 20 - 0 .04. - 0 .24 - 0 . 2 2 - 0  . 07 - 0 . 1 5
1 3 5 : - 0 .17 0 . 0 6 0 . 23 0 . 16 0 . 0 3 0 . 13 0 . 18 - 0 .04 - 0 . 2 2 - 0 . 1 9 - 0 . 05 - 0 . 14
T a b l e  G 9 (b )  S p e c i m e n / I n d e n t  N o . :  G9 HCH, R o t a t i o n  ( d e g ) : 10
p h i 111 - 111 -1-- 11 1- 11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
45 : - 0 , ,34 0 . 32 0 . 66 0 . 2 7 - 0 .0 1 0 . 29 0,,53 - 0 . 0 6 - 0 .5 9 - 0 . 60 - 0 . 24 - 0 . 3 5
50 : - 0 , ,35 0 . 32 0 . 67 0 . 2 5 0 . 0 1 0 . 24 0..56 - 0 . 01 - 0 . 57 - 0 . 66 - 0 . 32 - 0 . 3 4
55 : - 0  , 36 0 . 31 0 . 67 0 . 2 2 0 .0 4 0 . 18 0,.57 0 . 0 4 - 0 . 5 3 - 0 . 71 - 0  . 39 - 0 . 32
60: - 0  , 37 0 . 29 0 . 66 0 . 19 0 .0 7 0 . 12 0..57 0 . 0 8 - 0 . 4 9 - 0 . 7 5 - 0 . 45 - 0 . 30
65: - 0 , .38 0 . 26 0 . 65 0 . 1 8 0 . 1 1 0 . 06 0,. 57 0 . 1 3 - 0 .4 4 - 0 . 7 8 - 0 . 50 - 0 . 2 7
70 : - 0 , ,40 0 . 23 0 . 63 0 . 17 0 . 1 5 0 . 02 0,.56 0 . 17 - 0 . 4 0 - 0 . 8 0 - 0 . 55 - 0 . 2 5
7 5 : - 0 , . 43 0 . 20 0 . 62 0 . 1 7 0 . 1 9 - 0 . 02 0,.56 0 . 2 0 - 0 .3 7 - 0 . 8 2 - 0 . 58 - 0 .2 4
8 0 : - 0 , .45 0 . 17 0 . 62 0 . 1 8 0 . 2 2 —0 . 05 0,.5 6 0 . 2 2 - 0 . 3 5 - 0 . 8 4 - 0 . 61 - 0 . 2 3
8 5 : - 0 , .48 0 . 15 0. 63 0 . 1 9 0 . 2 5 - 0 . 06 0,.57 0 . 2 3 - 0 .34 - 0 . 8 6 —0 . 63 - 0 . 2 3
90 : - 0 , .51 0 . 15 0 . 66 0 . 2 1 0 . 2 7 - 0  . 06 0 ,. 60 0 , 2 4 - 0 . 3 6 - 0 . 90 — 0 . 66 - 0 . 2 4
95: - 0 , .57 0 . 17 0 . 74 0 . 2 5 0 . 2 9 - 0 . 04 0,.67 0 . 2 5 - 0 . 4 2 - 0 : 98 - 0 . 71 - 0 . 2 8
1 0 0 : - 0 , .74 - 0 . 06 0 . 68 0 . 3 6 0 . 5 0 —0 . 14 0,.6 3 0 . 3 2 - 0 .3 1 - 1 . 0 0 - 0 . 77 - 0 . 2 3
1 0 5 : - 0 , .54 0 . 32 0 . 86 0 . 2 8 0 . 1 6 0 . 12 0,.7 5 0 . 1 4 - 0 .61 - 1 . 0 0 - 0  . 62 - 0 . 3 8
1 1 0 : - 0 , .49 0 . 34 0 . 83 0 . 2 8 0 .1 1 0 . 18 0,.71 0 . 08 - 0 .6 2 - 0 . 91 - 0  . 53 - 0 . 38
1 1 5 : - 0 , .43 0 . 36 0 . 80 0 . 2 5 0 . 0 6 0 . 19 0 ,. 68 0 . 0 7 - 0 .6 1 - 0 . 8 6 - 0 . 49 - 0 . 37
1 2 0 : - 0 . .37 0 . 39 0 . 76 0 . 1 9 0 .0 2 0 . 17 0, ,65 0 . 0 7 - 0 .5 8 - 0 . 82 - 0 . 47 - 0 . 3 5
1 2 5 : - 0 , .30 0 . 41 0 . 71 0 . 1 3 - 0 . 0 2 0 . 15 0,. 61 0 . 07 - 0 .54 - 0 . 78 - 0  . 46 - 0 . 32
1 3 0 : - 0 , .23 0 . 42 0 . 65 0 . 0 6 - 0 . 0 5 0 . 11 0,.5 6 0 . 08 - 0 .4 8 - 0 . 73 - 0  . 45 - 0 . 2 8
1 3 5 : - 0 , .15 0 . 42 0 . 57 - 0 . 01 - 0 . 0 8 0 . 07 0,.51 0 . 10 - 0 .4 1 - 0 . 67 - 0 . 44 - 0 . 2 3
T a b l e  G 9 ( c )  S p e c i m e n / I n d e n t  N o . :  G9 VC, R o t a t i o n  ( d e g ) :  10 ,  x i n  m i c r o n s
X 1 1 1 - 1 1 1 - 1 - 1 1 1 - 1 1
1 - - 1 0 1 0 t - 1 0 1 - 1 1 1 0 1 0 1 0 1 - 1 1 - - 1 0 1 0 1 O i l 1 1 0 1 0 1 - 1 O i l
- 5 : 0 . , 16 0 . 35 0 . 18 - 0 . 1 6 - 0 . 1 7  ' 0 . 0 1 - 0 , , 08 - 0 . 27 - 0 . 1 9 0 . 0 9 0 . 1 0 - 0 . 0 1
- 4 : 0 , , 34 0 . 73 0 . 38 - 0 . 32 - 0 . 3 6 0 . 03 - 0 , . 17 - 0 . 57 - 0 . 4 0 0 . 1 9 0 . 2 0 - 0 . 0 1
- 3 : 0 , . 38 0 . 80 0  . 42 - 0 . 36 - 0 . 3 9 0 . 03 - 0 , . 19 - 0 . 63 - 0 . 44 0 , 2 1 0  . 22 - 0 . 0 1
- 2 : 0 , , 42 0 . 88 0 . 47 - 0 . 39 - 0 . 4 3 0 . 04 - 0 , . 2 1 - 0 . 69 - 0 . 4 9 0 . 2 3 0  . 24 - 0 . 0 1
- 1 : 0 , . 46 0 . 96 0 . 51 - 0 . 43 - 0 . 47 0 . 04 - 0 , . 2 2 - 0 . 7 6 - 0 . 5 3 0 . 2 5 0 . 27 - 0 . 0 2
0 : 0 , , 47 1 . 0 0 0 . 53 - 0 . 4 5 - 0 . 4 9 0 . 04 - 0 , . 23 - 0 . 7 9 - 0 . 55 0 . 2 6 0 . 28 - 0 . 0 2
1 : 0 , , 46 0  . 96 0 . 51 - 0 . 4 3 - 0 . 47 0 . 04 - 0 , . 2 2 - 0 . 7 6 - 0 . 5 3 0 . 2 5 0 . 27 - 0 . 0 2
2 : 0 . , 42 0 . 88 0 . 47 - 0 . 3 9 - 0 . 4 3 0 . 04 - 0 , . 2 1 - 0 . 6 9 - 0 . 4 9 0 . 2 3 0 . 24 - 0 . 0 1
3 : 0 . ,'38 0 . 80 0 . 42 - 0 . 36 - 0 . 3 9 0 . 03 - 0 , . 19 - 0 . 63 - 0 . 4 4 0 . 2 1 0  . 2 2 - 0 . 0 1
4; 0 . ,34 0 . 73 0 . 38 - 0 . 32 - 0 . 3 6 0  . 03 - 0 , , 17 - 0 . 57 - 0 . 4 0 0 . 1 9 0 . 2 0 - 0 . 0 15: 0 , , 32 0  . 67 0  . 35 - 0 . 3 0 - 0 . 33 0 . 03 - 0  ,. 16 - 0 . 53 - 0 . 37 0 . 17 0 . 18 - 0 . 0 1
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Appendix G Stress fie ld  calculations for cracking
T a b l e  G I O ( a )  S p e c i m e n / i n d e n t  No.
I l l -111
G25 HC, R o t a t i o n  ( d e g ) : 10 
- 1-11 1-111 - 1 0 1C1-1 03 - 1 110 101 01 - 1 1--10 101 Oi l 110 1 0 - 1 Oi l
45: ; - 0 . 1 9 0 . 00 0 . 19 0 . 2 0 0 . 0 8 0 . 12 0 . 1 3 - 0 . 0 7 - 0 . 2 0 - 0 . 12 - 0 . 01 - 0 .1 150: : - 0 . 2 1 - 0 . 01 0 . 19 0 . 2 1 0 . 0 9 0 . 13 0 . 1 3 - 0 . 07 - 0 . 2 0 - 0 . 1 3 - 0 . 01 - 0 . 1255; : - 0 . 2 3 - 0 . 03 0 . 20 0 . 23 0 . 1 0 0 . 13 0 . 1 3 - 0 . 0 7 - 0 . 2 0 -^0 . 1 3 - 0 . 01 - 0 . 1260: ; - 0 . 2 5 - 0  . 04 0 . 20 0 . 2 5 0 . 1 2 0 . 13 0 . 1 3 - 0 . 0 7 - 0 .2 0 - 0 . 1 3 - 0 . 01 - 0 . 1 365:; - 0 .2 7 - 0 . 07 0 . 20 0 . 2 7 0 . 1 4 0 . 13 0 .1 3 - 0 .0 7 - 0 . 2 0 - 0 . 14 - 0  . 01 —0 . 1 370 :; - 0 .3 0 - 0 . 09 0 . 21 0 . 2 9 0 . 1 6 0 . 13 0 . 1 3 - 0 . 0 7 - 0 . 2 0 - 0 . 1 4 - 0  . 01 - 0 . 1 475: ; - 0 . 3 3 - 0  . 12 0 . 21 0 . 3 2 0 . 1 9 0 . 13 0 . 1 3 - 0 . 0 6 - 0 . 2 0 - 0 . 15 - 0 . 01 - 0 . 1 480: ; - 0 . 38 -o: 16 0 . 22 0 . 3 5 0 . 2 3 0 . 12 0 . 1 3 - 0 . 0 6 - 0 . 1 9 - 0 . 1 6 - 0 . 01 - 0 . 1 585: ; - 0 .4 4 —0 . 22 0 . 22 0 . 3 9 0 . 2 9 0 . 11 0 . 1 3 - 0 . 0 5 - 0 .1 7 - 0 . 18 - 0 . 02 - 0 . 1 590:: - 0 . 5 4 - 0 . 31 0 . 23 0 . 4 5 0 .38 0 . 07 0 .1 1 - 0 . 0 2 - 0 . 14 - 0 . 20 - 0 . 04 - 0 . 1 695: ; - 0 . 7 2 “ 0 *51 0 . 21 0 . 5 0 0 . 5 8 - 0 . 08 0 . 0 6 0 . 0 6 0 . 00 - 0 . 2 7 - 0 . 13 - 0 . 1410 0 : : - l . 0 0 - 0  . 19 0 . 81 0 . 58 0 . 66 - 0 . 08 0 . 4 0 0 . 0 2 - 0 . 3 9 - 0 . 8 2 - 0 . 48 - 0 . 3 410 5 : : - 0 . 5 3 - 0  . 66 - 0 . 14 0 . 2 5 0 . 5 8 - 0 . 33 - 0 .21 0 . 2 1 0 .4 1 - 0 . 07 - 0  . 13 0 . 0 611 0 : ; - 0 . 28 - 0 . 45 - 0 . 17 0 . 05 0 . 3 8 - 0 . 33 - 0 . 2 0 0 . 2 0 0 . 40 - 0 . 0 3 - 0 . 13 0 . 1 011 5 : ; - 0 .1 9 - 0 . 34 —0 *15 - 0 . 0 1 0 . 2 9 - 0 . 30 - 0 . 1 8 0 . 17 0 . 3 5 - 0 . 0 2 - 0 . 12 0 . 1 012 0 ; : - 0 .14 - 0 . 27 - 0 . 13 - 0 . 0 4 0 . 2 3 - 0 . 27 - 0 . 1 5 0 . 1 5 0 . 31 - 0 . 0 2 - 0 . 12 0 . 0912 5 : ; - 0 .1 1 - 0 . 22 - 0 . 11 - 0 . 0 5 0 . 1 9 - 0 . 25 - 0 . 1 4 0 . 1 4 0 . 2 7 - 0 . 0 2 - 0 . 11 0 . 0 913 0 : : - 0 .0 8 — 0 . 18 - 0 . 10 - 0 . 0 6 0 . 1 6 - 0 . 23 - 0 .1 2 0 . 12. 0 . 2 5 - 0 . 02 - 0 . 10 0 . 0 813 5 : ; - 0 .0 7 - 0 , 16 - 0 . 09 - 0 . 07 0 .1 4 - 0 . 21 - 0 . 11 0 . 11 0 . 22 - 0 . 0 2 —0 . 10 0 . 07
T a b l e  G IG (b ) S p e c i m e n / I n d e n t  ]No . : G25 HCH, R o t a t i o n ( d e g ) ; 10p h i 111 111 - 1 - 1 1 1--111--10 101-1 01 - 1 110 101 01 - 1 1--10 101 o i l 110 IC1-1 o i l
45 : - 0 . 30 - 0 . 64 — 0 . 34 - 0 . 04 0 .5 1 - 0 . 55 - 0 . 36 0 . 32 0 . 68 0 . 02 - 0  . 19 0 . 2 150 : - 0 .3 8 - 0 . 70 —0 . 32 0 . 0 3 0 .5 7 - 0 . 54 - 0 . 3 5 0 . 32 0 . 67 0 . 00 - 0  . 19 0 . 1 955 : - 0 . 4 6 —0. 75 - 0  . 28 0 . 1 1 0 . 62 - 0 . 51 - 0 . 33 0 . 31 0 .64 - 0 . 02 - 0 . 18 0 . 1660 :: - 0 . 5 4 - 0 . 78 - 0 . 24 0 . 1 8 0 . 67 - 0 . 49 - 0 .3 0 0 . 2 9 0 . 60 - 0 . 06 — 0 . 18 0 . 1 365: ; - 0 . 6 0 - 0 . 79 - 0 . 19 0 . 24 0 . 7 0 - 0 . 46 - 0 .2 7 0 . 2 8 0 . 5 5 - 0 . 09 - 0  . 19 0 . 1070 : ; - 0 . 66 - 0  . 80 - 0 . 14 0 . 2 9 0 . 7 3 - 0 . 44 - 0 .2 4 0 . 2 7 0 . 51 - 0 . 13 - 0  . 20 0 .0 775 : : - 0 . 7 0 - 0 . 80 - 0 . 10 0 . 32 0 . 7 5 - 0 . 43 - 0 .2 2 0 . 2 6 0 .4 8 - 0 . 1 6 - 0  . 21 0 . 0 580 : : - 0 . 7 3 - 0 . 80 - 0  . 07 0 . 3 4 0 . 7 7 - 0 . 43 - 0 .2 0 0 . 2 6 0 . 4 6 - 0 . 1 9 - 0 . 23 0 .0 485 : - 0 . 7 6 - 0  . 81 - 0  . 05 0 . 35 0 . 7 9 - 0 . 44 - 0 . 1 9 0 . 2 6 0 . 4 5 - 0 . 22 - 0 . 25 0 . 0 390 : - 0 . 8 0 - 0  . 84 - 0 . 04 0 . 3 6 0 . 83 - 0 . 46 - 0 .2 0 0 . 2 8 0 .4 7 - 0 . 2 3 - 0  . 26 0 . 0 395 : - 0 . 8 6 - 0 . 92 - 0 . 06 0 . 37 0 . 9 0 - 0 . 53 - 0 . 2 3 0 . 32 0 . 55 - 0 . 2 6 - 0  . 30 0 . 0 51 0 0 : - 0 . 9 5 - 0 . 80 0 . 15 0 . 3 9 0 .9 3 - 0 . 54 - 0 . 11 0 . 31 0 .4 1 - 0 . 4 6 - 0 . 43 - 0 . 0 21 0 5 : - 0 , 7 5 - 1 . 00 —0. 25 0 . 2 5 0 . 90 - 0 . 64 - 0 . 3 6 0 . 38 0 . 7 5 - 0 . 13 - 0 . 28 0 . 151 1 0 : - 0 .6 4 - 0 . 93 - 0 . 29 0 . 1 8 0 . 8 1 - 0 . 64 —0 . 3 8 0 . 3 8 0 . 7 6 - 0 . 0 9 - 0 . 26 0 . 171 1 5 : - 0 . 5 9 - 0 . 91 - 0  . 31 0 . 17 0 . 7 6 —0 . 60 - 0 .3 8 0 . 3 6 0 .74 - 0 . 04 - 0 . 22 0 . 171 2 0 : - 0 . 5 6 - 0 . 89 - 0 . 33 0 . 18 0 . 7 3 - 0  . 55 - 0 .3 8 0 . 33 0 . 7 1 - 0 . 00 - 0 . 17 0 . 171 2 5 : - 0 . 5 4 —0 . 87 - 0 . 33 0 . 21 0 . 69 - 0 . 48 - 0 . 36 0 . 30 0 . 66 0 . 0 3 - 0 . 12 0 . 1 51 3 0 : - 0 . 5 2 - 0 . 84 - 0  . 33 0 . 24 0 . 6 5 —0 . 41 - 0 .34 0 . 2 6 0 . 60 0 . 06 - 0 . 07 0 . 131 3 5 : - 0 .5 0 - 0 . 80 - 0 . 31 0 . 28 0 . 6 0 - 0 . 32 - 0 .31 0 . 2 2 0 . 52 0 . 09 - 0 . 02 0 . 11
T a b l e  G I O ( c )  S p e c i m e n / I n d e n t  
m i c r o n s  
X 111
N o . :
111
G25 VC, R o t a t i o n
- 1 - 1 1
(d eg ) 10, X i n  
1 - 1 11--10 10 - 1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
- 5 : 0 . 1 3 - 0 . 20 - 0 . 33 0 . 04 0 . 1 5 —0 . 11 - 0 . .04 0 . 12 0 . 1 6 0 .21 - 0 . 07 0 . 2 8- 4  : 0 . 2 9 - 0 . 43 —0 . 73 0 . 0 8 0 . 3 3 - 0  . 25 - 0 . .09 0 . 2 6 0 . 35 0 . 4 6 - 0  . 16 0 . 62- 3 : 0 . 3 2 —0 . 48 - 0  . 80 0 . 09 0 . 3 6 - 0 . 27 - 0  . 10 0 . 2 9 0 . 3 9 0 . 51 — 0 . 18 0 . 69- 2 : 0 , 3 6 - 0 . 53 - 0  . 88 0 . 10 0 .4 0 - 0  . 30 - 0 , ,11 0 . 32 0 .4 3 0 . 56 - 0  . 20 0 . 7 6- 1 : 0 . 3 9 - 0 . 57 - 0  . 96 0 . 11 0 . 4 4 - 0  . 33 - 0 . . 12 0 . 3 5 0 . 4 7 0 . 61 - 0 . 21 0 . 8 30: 0 . 4 0 - 0 . 60 — 1 . 00 0 . 11 0 . 4 5 - 0  . 34 - 0 . ,12 0 . 36 0 . 4 8 0 . 64 - 0  . 22 0 . 861: 0 . 3 9 - 0 . 57 —0 . 96 0 . 11 0 .4 4 - 0 . 33 - 0 . . 12 0 . 35 0 .4 7 0 . 61 - 0  . 21 0 . 8 32 : 0 . 3 6 —0 . 53 - 0  . 88 0 . 10 0 .4 0 - 0 . 30 - 0 . .11 .0 . 32 0 . 4 3 0 . 56 - 0  . 20 0 . 763: 0 . 3 2 - 0 . 48 - 0  . 80 0 . 09 0 . 3 6 - 0 . 27 - 0 . .10 0 . 2 9 0 . 3 9 0 . 51 - 0  . 18 0 . 694: 0 . 2 9 - 0 , 43 - 0 . 73 0 . 08 0 . 3 3 —0 . 25 - 0 . .09 0 . 2 6 0 . 3 5 0 . 4 6 - 0  . 16 0 . 625: 0 . 2 7 - 0  . 40 — 0 . 57 0 . 08 0 . 3 0 —0 . 23 - 0 . .08 0 . 24 0 . 3 2 0 . 4 3 - 0  . 15 0 . 57
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Appendix G Stress fie ld  calculations for cracking
T a b l e  G l l ( a )  S p e c i m e n / I n d e n t  No.  
p h i  111  - 1 1 1
G31 HC, R o t a t i o n  ( d e g ) : 10 
- 1-11 1-11
1--10 10 - 1 01 “ 1 110 101 01 - 1 1--10 101 O i l 110 101-1 O i l
45 : - 0 .1 8 - 0 . 17 0 . 02 0 . 1 6 0 . 1 5 0 . 01 - 0 . ,00 0 ; o i 0 . 0 1 - 0 . 0 2 0 . 01 - 0 .0 4
50 : - 0 . 1 9 - 0  . 18 0 . 01 0 . 1 6 0 . 1 6 - 0 . 00 - 0 . ,01 0 . 0 2 0 . 0 2 - 0 . 0 3 0 . 00 - 0 . 0 3
55 : - 0 .2 0 - 0  . 20 - 0 . 00 0 . 1 6 0 .1 7 - 0 . 02 - 0 . ,01 0 . 0 3 0 .0 4 ^0 . 0 3 - 0 . 00 - 0 . 0 2
60 :; - 0 .20 - 0 . 22 - 0 . 01 0 . 1 6 0 . 1 9 - 0 . 03 - 0 . ,02 0 . 04 0 . 0 6 - 0 . 0 3 - 0 . 01 - 0 . 0 1
65 : - 0 .2 1 - 0 . 24 - 0 . 02 0 . 1 6 0 . 2 1 - 0 . 05 - 0 . ,03 0 . 0 5 0 . 0 8 - 0 . 0 3 - 0 . 03 - 0 . 0 1
70 : : - 0 . 2 3 - 0 . 26 - 0 . 03 0 . 1 6 0 . 2 3 - 0 . 07 - 0  ., 03 0 . 07 0 . 1 0 —0 .0 4 —0 . 04 0 . 0 0
75 : - 0 .2 4 - 0 . 29 - 0 . 05 0 . 1 6 0 . 2 6 - 0 . 10 - 0 . ,04 0 . 09 0 . 1 3 - 0 .0 4 - 0 . 06 0 . 0 2
80 : - 0 . 2 6 - 0 . 32 - 0 . 06 0 . 1 6 0 . 2 9 - 0 . 14 - 0 . ,05 0 . 1 2 0 . 1 6 - 0 . 0 6 —0 . 09 0 . 0 3
85 : : - 0 . 2 9 - 0 . 37 - 0 . 08 0 . 1 6 0 .3 4 —0 . 19 - 0 . .06 0 . 1 6 0 . 2 1 - 0 . 0 8 - 0  . 13 0 . 0 6
90 :: - 0 . 3 3 - 0 . 44 - 0 . 11 0 . 15 0 . 4 2 - 0 . 27 - 0  ., 06 0 . 2 3 0 . 2 9 - 0 . 12 - 0  . 21 0 . 0 9
95: : - 0 . 4 2 - 0 . 55 - 0 . 13 0 . 1 3 0 .5 7 - 0 . 44 - 0 . .03 0 . 3 9 0 . 4 2 - 0 . 2 5 - 0  . 40 0 . 1 5
10 0 : ; - l . 0 0 - 0 . 66 0 . 34 0 . 69 0 . 7 6 - 0 . 07 0. .36 0 . 33 - 0 . 0 3 - 0 . 68 —0 . 44 - 0 .2 4
10 5 ; ; - 0 . 1 4 - 0 . 37 - 0 . 23 - 0 . 17 0 . 4 2 - 0 . 60 — 0 .. 07 0 . 4 7 0 . 54 - 0 .24 - 0 . 53 0 . 2 9
11 0 : 1-0 .0 4 - 0 . 16 - 0  . 12 - 0 . 17 0 . 2 3 - 0 . 40 0 .. 00 0 . 33 0 . 3 3 - 0 . 22 - 0 . 40 0 . 1 9
11 5 : ; - 0 .0 2 - 0 . 09 - 0 . 07 - 0 . 14 0 . 1 6 - 0 . 30 0,.03 0 . 2 6 0 . 2 3 - 0 . 1 9 - 0 . 32 0 . 1 3
1 2 0 : ; “ 0 . 0 1 - 0 . 05 —0 . 04 - 0 . 1 2 0 . 1 1 - 0 . 23 0 ,.04 0 . 2 1 0 . 1 7 - 0 . 17 - 0 . 27 0 . 10
1 2 5 : ; - 0 .0 1 - 0 . 03 - 0 . 02 - 0 . 10 0 . 0 9 - 0 . 19 0, .05 0 . 1 8 0 . 1 3 - 0 . 1 6 - 0 . 24 0 . 0 8
1 3 0 : : - 0 .0 1 - 0 . 01 - 0 . 01 - 0 . 0 9 0 . 0 7 - 0  . 16 0, .05 0 .15. 0 . 1 0 - 0 . 1 5 - 0  . 21 0 . 0 6
1 3 5 :1-0 .0 1 - 0 . 00 0 . 00 - 0 . 0 8 0 . 0 5 - 0 . 13 0. .05 0 . 1 3 0 . 0 8 - 0 .14 - 0 . 19 0 . 0 5
T a b l e  G l l ( b ) S p e c i m e n / I n d e n t  1No. : G31 HCH, R o t a t i o n ( d e g ) : 10
p h i I l l - 111 -1 - 1 1 1--11
1-- 10 1C1-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 IC1-1 O i l
45: ; 0 .04 - 0 . 16 - 0  . 19 - 0 . 37 0 . 2 8 - 0  . 65 0 ,. 01 0 . 54 0 . 5 2 - 0 . 34 - 0 . 66 0 . 3 2
50: ; - 0 .0 1 - 0  . 24 - 0  . 23 - 0 . 35 0 . 3 6 —0 . 71 - 0  ,. 01 0 . 5 8 0 . 5 9 - 0 . 35 - 0 . 70 0 . 35
55: ; - 0 . 0 6 - 0  . 32 - 0  . 26 - 0 . 33 0 . 4 3 - 0 . 76 - 0 , .03 0 . 61 0 . 65 - 0 . 36 - 0 . 72 0 . 3 7
60:1-0 .1 2 - 0  . 39 - 0  . 27 - 0 . 2 9 0 . 4 9 —0 . 78 - 0  ,. 04 0 . 64 0 . 68 - 0 . 37 - 0 . 74 0 . 3 7
65:1-0 . 1 8 - 0  . 45 - 0 . 27 - 0 . 2 5 0 . 55 - 0 . 80 - 0  ,. 05 0 . 65 0 . 7 0 - 0 . 3 8 —0 . 75 0 . 3 7
70 :; - 0 . 2 4 - 0 . 50 - 0 . 27 - 0 . 2 0 0 . 6 0 - 0 . 80 - 0 , .04 0 . 66 0 . 7 0 - 0 . 40 - 0 . 76 0 . 3 6
75: ; - 0 . 2 9 - 0 . 54 - 0  . 25 - 0 . 1 6 0 .6 3 - 0  . 79 - 0  ,. 0 3 0 . 6 7 0 . 7 0 - 0 . 42 - 0  . 77 0 . 3 5
80: ; - 0 . 3 3 - 0 . 56 - 0 . 23 - 0 . 1 3 0 . 66 - 0 . 79 - 0 , .01 0 . 68 0 . 6 9 - 0 . 4 5 - 0 . 78 0 . 33
85: : - 0 . 3 6 - 0 . 58 - 0  . 22 - 0 . 11 0 . 6 9 - 0 . 80 0,.00 0 . 7 0 0 .6 9 - 0 . 47 — 0 . 80 0 . 33
90;1-0 . 3 8 - 0 . 61 - 0  . 22 - 0 . 11 0 . 7 2 - 0 . 83 0 ,. 01 0 . 7 3 0 .7 1 - 0 . 50 - 0  . 84 0 . 33
95; ; - 0 . 4 1 - 0 . 64 - 0 . 23 - 0 . 13 0 .7 7 - 0 . 90 0 ,. 0 3 0 . 8 0 0 .7 7 - 0 . 57 - 0  . 93 0 . 3 6
10 0 ; ; - 0 . 6 5 - 0 . 67 - 0 . 03 0 . 0 9 0 .8 4 - 0 . 75 0,.20 0 . 7 8 0 . 5 8 - 0 . 7 5 - 0 . 95 0 . 2 0
10 5 ; ; - 0 . 2 3 - 0 . 54 - 0 . 31 - 0 . 3 2 0 . 6 8 - 1 . 00 - 0 , .01 0 .8 4 0 . 8 6 - 0 . 53 - 0 . 99 0 . 4 5
11 0 ; : - 0 . 1 5 - 0 . 44 - 0 . 29 - 0 . 3 5 0 . 5 9 - 0 . 94 - 0  ,. 01 0 . 7 8 0 . 7 9 - 0 . 4 9 - 0 . 92 0 . 4 3
115 ; : - 0 . 1 0 - 0 . 42 - 0 . 32 - 0 . 3 7 0 .5 4 - 0 . 92 - 0 , .0 5 0 . 7 4 0 . 7 9 - 0 . 4 3 - 0 . 87 0 .4 4
12 0 ; ; - 0 . 0 6 - 0 . 41 - 0 . 35 - 0 . 39 0 .5 2 - 0 . 91 - 0 .0 9 0 . 7 1 0 . 8 0 - 0 . 3 6 - 0 . 82 0 . 4 6
125 ; ; - 0 . 0 3 - 0  . 42 - 0  . 39 - 0 . 4 0 0 .5 0 - 0 . 90 - 0 , .14 0 . 68 0 . 8 2 - 0 . 2 9 - 0 . 76 0 .4 7
13 0 ; ; - 0 . 0 0 - 0 . 43 - 0 . 43 - 0 . 40 0 . 4 8 - 0 . 88 - 0 , .1 9 0 . 64 0 . 8 2 - 0 .2 1 - 0 . 69 0 . 4 8
135 ; ; 0 . 0 1 - 0 . 44 - 0 . 45 - 0 . 3 8 0 . 4 6 - 0  . 84 - 0  ,. 2 3 0 . 59 0 . 8 2 - 0 . 13 —0 . 61 0 .4 8
T a b l e  G l l ( c )
m i c r o n s
S p e c i m e n / I n d e n t  N o . :  G31 VC, R o t a t i o n  ( d e g ) :  10 ,  x i n
X 111 - 111 - 1 - 1 1 1- •11
1--10 101-1 01 - 1 110 101 01 - 1 1--10 101 O i l 110 IC1-1 O i l
- 5 : 0. .18 0., 15 - 0  . 03 - 0 . 35 - 0 .14 —0 . 21 - 0 , . 2 9 - 0 . 1 0 0 . 1 9 0 . 1 3 0 . 09 0 ,04
- 4 : 0. .39 0 . 32 - 0  . 06 - 0 . 7 3 - 0 . 3 0 - 0 . 43 - 0 . 61 - 0 . 2 1 0 .4 0 0 . 2 7 0 . 18 0 . 0 9
- 3 : 0. .42 0 . 36 - 0  . 07 - 0 . 8 0 - 0 . 3 3 —0 . 47 - 0 .67 - 0 . 2 3 0 .44 0 . 30 0 . 20 0 .1 0
- 2 : 0. . 47 0 . 39 - 0  . 07 - 0 . 88 - 0 . 3 6 - 0 . 52 - 0 . .74 - 0 . 2 6 0 . 4 9 0 . 33 0 . 22 0 .11
- 1 : 0, .51 0 . 43 - 0 . 08 - 0 . 96 - 0 . 3 9 - 0 . 57 - 0 .81 - 0 . 2 8 0 . 53 0 . 36 0 . 24 0 . 12
0 : 0, .53 0 . 45 — 0 . 08 - 1 . 00 - 0 .41 - 0 . 59 - 0 .84 - 0 . 2 9 0 . 55 0 . 37 0 . 25 0 . 12
1: 0. .51 0 . 43 - 0 . 08 - 0 . 9 6 - 0 . 3 9 - 0 . 57 - 0 .81 - 0 . 2 8 0 . 5 3 0 . 36 0 . 24 0 .1 2
2 : 0. .47 0 . 39 —0 . 07 - 0 . 8 8 - 0 . 3 6 - 0 . 52 - 0 .74 - 0 . 2 6 0 . 4 9 0 . 33 0 . 22 0 . 1 1
3: 0, .42 0 . 36 - 0 . 07 - 0 . 8 0 - 0 . 3 3 - 0  . 47 —0 ,. 67 - 0 . 2 3 0 .44 0 . 30 0 . 20 0 . 1 04: 0 .39 0 . 32 - 0  . 06 - 0 . 7 3 - 0 .3 0 - 0 . 43 - 0 . 61 - 0 . 2 1 0 .4 0 0 . 27 0 . 18 0 .0 95: 0,.35 0 . 30 - 0  . 06 - 0 . 67 - 0 .2 7 - 0  . 40 - 0 . 56 - 0 . 1 9 0 . 37 0 . 2 5 0 . 17 0 . 0 8
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Appendix H Phase diagram of aluminium S system
4 0
oc + S
30
Wt
VoCu
20
oc + s
oc
1-0 2 0 30 W t "/.Mg 4 0 5*0 6-0
Phase boundaries in Al-Cu-Mg alloys. Full lines: boundaries at 500°C. Dashed lines: 
boundaries at 200°C. Dot-dashed lines: slope at Cu:Mg = 2.6 (From Kuznekov, reported by 
Brook 1963)
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